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ABSTRACT
The branch of analytical chemistry known as separations has continued to grow
and expand ever since its beginnings a century ago. With all the technological advances
occurring to make separations a more powerful technique, the main goal continues to be
the desired separation of the compounds of interest in a mixture. Although a desired
separation may be achieved, there can always be room for improvement with regards to
the time necessary for the separation as well as better resolution of closely-related species
as well as enantiomers of the same analyte.
In this work, a variety of separation methods and variations are used to achieve
separations of biologically-related compounds. The technique of high performance liquid
chromatography was used for the separation of the peptides from a protein digest as well
as sterols from synthetic mixtures as well as from naturally occurring fruit juices.
Monolithic column technology was used for the separation of the protein digest, but the
use of different mobile phases as well as mobile phase gradients afforded different
separation orders of the peptides. High temperatures were incorporated for the separation
of the sterols, so this separation included the study of how different stationary phases that
could withstand the high temperatures affected the resolution of the sterols investigated.
Amino acids labeled with a fluorescent tag were also separated in this work. The
investigation of a polyamide column for the separation of amino acids was performed,
and capillary electrophoresis incorporating the use of cyclodextrins as well as mixed
micelles for the separation of amino acids is presented here.
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CHAPTER 1
INTRODUCTION TO SEPARATION METHODS

History and General Description
Chromatography is a powerful separation method that has found useful
applications in all branches of science. Chromatography was invented and named by the
Russian botanist Mikhail Tswett at the beginning of the 20th century.[1] He employed the
technique to separate chlorophylls and xanthophylls (which are pigments found in plants)
by passing solutions of these compounds through a glass column packed with finely
divided calcium carbonate. The separated species appeared as colored bands on the
column, thus accounting for the name he chose for the method (Greek chroma meaning
“color” and graphein meaning to “write”).[2]
The applications of chromatography have grown extensively in the century since
Tswett’s discovery.

Although the advent of several new types of chromatographic

techniques have led to this growth, it has also grown due to the growing need by
scientists for better methods for characterizing complex mixtures. Within the existing
and more recent techniques developed, modifications are being made to lead to the best
separation for a given application.
Chromatography encompasses a diverse and important group of methods that
allow scientists to separate closely related components of complex mixtures.

The

technique is advantageous in that these separations are usually impossible by other
means. In a chromatographic separation, the sample is transported in a mobile phase,
1

which is usually a gas or a liquid. The mobile phase is passed through an immiscible
stationary phase, which is fixed in place in a column or on a solid surface. The two
phases are chosen so that the components of the sample are able to distribute themselves
between the mobile and stationary phase to varying degrees.

Components that are

strongly retained on the stationary phase move slowly with the mobile phase flow, while
components that are weakly held travel rapidly. As a consequence of these differences in
mobility, the components are separated into discrete bands or zones, which can then be
analyzed qualitatively and/or quantitatively.
Fundamentals of High-Performance Liquid Chromatography
High-performance liquid chromatography (HPLC) is the most widely used
analytical separation technique.

Its popularity can be attributed to its sensitivity,

adaptability for quantitative determinations, ability to separate both volatile as well as
nonvolatile species, and applicability for many substances of major interest to many
people; some of these include drugs, proteins, pesticides, steroids, and hydrocarbons.[2]
Elution in Liquid Chromatography
Figure 1.1 shows a schematic of how two substances are separated on a column.
Elution involves washing a species through a column by continuous addition of fresh
solvent. A single portion of the sample is introduced at the inlet of the column (time t0)
at which time the components distribute themselves between the two phases. Additional
mobile phase forces the solvent containing a part of the sample down the column, where
further partition between the mobile phase and fresh portions of the stationary phase

2

Figure 1.1: Schematic portraying the progression of the separation of two components
on a column.

3

occurs (time t1).

Simultaneously, partitioning between the fresh solvent and the

stationary phase takes place at the site of the original sample.
Additional solvent carries the components down the column in a continuous series
of transfers between the mobile and stationary phases. The components move only in the
mobile phase, so the average rate at which a solute zone migrates down the column
depends on the fraction of time it spends in that phase.

For strongly retained

components, the time is small (compound B), yet the time is long for components where
retention in the mobile phase is dominant (compound A). The resulting differences in
rates cause the components to separate into bands (or zones) located along the length of
the column (t2). Mobile phase is added until the individual zones exit at the column
outlet where they can be detected (t3 and t4).
The partition coefficient K can be calculated as:
K = cS / cM

(1.1)

where cs is the molar concentration of the solute in the stationary phase and cM is its
molar concentration in the mobile phase. K tends to be constant over a wide range of
concentrations.
The retention factor (k) is an important parameter to describe the migration rates
of solutes on columns. It can be defined as:
k = KVS/VM

(1.2)

where VS is the stationary phase volume and VM is the mobile phase volume. The more
conventional way to calculate the retention factor is:
k = (tR – t0)/ t0

(1.3)
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where tR is the retention time, which is the time it takes after sample injection for the
analyte peak to reach the detector, and t0 is the dead time, which is the time required for
an unretained species to reach the detector. Separations are usually performed under
conditions in which retention factors are in the range between 2 and 10. A retention
factor of less than 2 means that elution occurs so fast that it is difficult to accurately
determine the retention times. A retention factor of greater than 10 (e.g. 30) means that
the elution time is longer than necessary.
General Elution Problem
Figure 1.2 depicts hypothetical chromatograms for a six-component mixture made
up of three pairs of components having widely differing partition coefficients and hence
retention factors. In Figure 1.2(a), conditions have been adjusted so that retention factors
for components 1 and 2 (k1 and k2) are in the range of 2 to 5, which can be said to be
optimal for a separation. The corresponding retention factors for the other components
are, on the other hand, much larger than the optimum. The peaks for components 5 and 6
appear after an inordinate time; this length of time results in the peaks being so
broadened that they can be difficult to identify unambiguously.
As shown in Figure 1.2(b), changing conditions to optimize the separation of
components 5 and 6 causes the resolution of the first 4 components to reach the point of
being unsatisfactory. On the other hand, the total elution time is short and appears to
happen in an ideal time frame.

A third set of conditions, in which k values for

components 3 and 4 are optimal, results in Figure 1.2(c).

As with the other

chromatograms, the separation of the other two pairs is far from satisfactory.
5

Figure 1.2: Schematic explaining the general elution problem.
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This phenomenon is encountered enough in many separations to be given its own
term; this term is the general elution problem. A common solution to this problem is to
change conditions that determine the values of k as the separation proceeds. These
changes may be performed in a stepwise manner or continuously. In the case of these 6
components, conditions at the outset could be that of Figure 1.2(a). Conditions could
then be changed after elution of the first 2 components to those that were optimal in
separating 3 and 4 as in Figure 1.2(c). After elution of the middle 2 components, the
separation could conclude using the conditions as in Figure 1.2(b) which gave the best
separation for the final 2 components. A procedure such as this allows for all of the
components to be separated satisfactorily in what is hopefully a minimal time frame. For
liquid chromatography, variations in retention factor are brought about by variations in
the composition of the mobile phase during the separation (i.e. gradient elution).
Instrumentation
Figure 1.3 shows a schematic of a conventional HPLC instrument.

The

equipment necessary to perform HPLC is generally more elaborate and expensive than
that needed for other types of chromatography.
Initially, the reservoirs for storing mobile phase have incorporated into them a
solvent treatment system which allows for the removing of dissolved gases as well as
filtering to remove dust and particulate matter. Reciprocating pumps are prevalently used
to pump the mobile phase through the system. A good pumping system should include a
wide range of flow rates (0.1-10 mL/min. is good), flow control and flow reproducibility
of 0.5% relative or better, and the ability to generate pressures up to 6000 psi.
7

Figure 1.3: Schematic of a conventional HPLC instrument.
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Concerning sample injection, the most widely used method involves the use of a
sampling loop to achieve excellent reproducibility as well as the maintaining of the
pressure of the system.
The column which contains the stationary phase varies with regards to particle
size, diameter, length, and column hardware material. A column thermostat is sometimes
used to give a constant temperature which leads to more reproducible retention times.
The stationary phase is typically a porous particle packing on the order of 3-10 µm with
silica being the most common packing.

UV/Vis absorbance is generally the most

common mode of detection, yet other modes of detection are frequently used.
Monolithic Columns
Introduction
Since the introduction of HPLC, column-packing materials have changed
dramatically. They have gone from irregular-shaped to spherical, as well as from large
particles to small. The performance of HPLC columns packed with small-sized particles
however can be considered to have reached optimization. Recently, monolithic columns
consisting of one piece of an organic polymer or silica with flow-through pores have
begun to be developed.[3] Figure 1.4 shows monolithic columns that provide better
stability and, more importantly, higher performance than conventional columns packed
with particles. Although they can be prepared by various methods, monolithic columns
prepared by the direct polymerization of monomers can be used in various analytical
separations by HPLC.[4]

9

Figure 1.4: Images of monolithic column packing.
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A monolithic column is a single piece with interconnected skeletons, which
provide flow paths (through-pores) through the column. A monolithic column with
small-sized skeletons and large through-pores can reduce the diffusion pathlength which
can lead to higher column efficiency.
Monolithic Silica Columns
Continuous porous silica columns provide higher column efficiency and lower
pressure than conventional particle columns. Relatively large flow-paths result in a
factor of 10 improvement in change in pressure over a particle-packed column of similar
efficiency. The use of this type of column alone can achieve a 10-fold increase in
efficiency using conventional HPLC equipment.[5] Monolithic silica columns can be
prepared in fused-silica capillaries as well; this is attractive due to the elimination of the
difficult step of cladding the silica monolith with engineering plastics.[6] Most silica gel
materials have been prepared by neutralizing an alkaline silicate solution to generate
monosilisic acid, Si(OH)4, which readily polymerizes resulting in bulk or precipitated
silica hydrogels.
Advantages, Disadvantages, and Limitations
Besides the advantage of higher efficiency discussed above, long columns
incorporating a monolith are easier to prepare than packing a column with the same
length. In addition, the stability of a continuous bed is an advantage. There is no need
for retaining frits at the column ends when using a monolith.
One main disadvantage of monolithic columns is they must be prepared and
chemically modified one at a time. When they are prepared in a mold, the bare silica rod
11

must be covered by column materials, such as PEEK. This can be viewed as the most
difficult step in the preparation because this and subsequent chemical bonding can lead to
problems with reproducibility. If issues of reproducibility are solved, columns with
desirable features can be produced because most monolithic column issues are related to
production. In addition, this “problem” of chemical bonding can lead to the advantage of
preparing novel stationary phases because column packing is unnecessary.[3]
In essence, monolithic columns have already overcome most of the limitations
associated with particle-packed columns. It can be surmised that anyone can now prepare
a stable, high efficiency column to examine various monomers with very basic materials
and instruments. The amount of research poured into this area recently has led to a wide
variety of monolithic columns that have been tailored for specific separations in LC as
well as in other separation techniques such as capillary electrochromatography.[7]
High Temperature Liquid Chromatography
Introduction
Until recently, when elevated temperatures have been incorporated into the use of
liquid chromatography, its use pertained to the separation of polymers of low solubility
by size exclusion chromatography.

Temperatures around 140-150°C are used with

halogenated aromatic solvents to keep the samples in solution.

Ion-exchange

chromatography was also used at times with elevated temperatures to increase the
exchange rate as well as to improve the column efficiency. High temperature took a back
seat to the development of packing materials as they became more efficient. Also, the

12

reluctance to use high temperatures due to the possibility of decomposition of analytes
and stationary phases led to it not becoming a prominent technique.
Recently, the implementation of using temperature as a variable in LC along with
the realization of its importance in the separation have resulted in more investigations
into how high temperatures can be beneficial for separations. Several well-known effects
of high temperatures have been studied and addressed as to why high temperatures aid in
separations. Two of the chief factors affected by high temperature are a decrease in
viscosity of the mobile phase[8] and an increase in analyte diffusivity.[9] A reduction in
the viscosity of the mobile phase results in a lowered backpressure over the entire
column; this allows higher plate numbers to be achieved with longer columns or higher
speed. Mass transfer is increased due to the increased diffusivity which results typically
in an improvement in efficiency.[10]

More stable stationary phases have become

commercialized which allow for the need to not consider deterioration of stationary phase
as an issue. Also, narrow bore columns are being used with elevated temperature in LC,
resulting in vastly improved results for certain separations as well as fewer problems with
regards to even heating of mobile phase.
It can be difficult to grasp the concept of high temperature due to there not being a
set definition as to what temperature results in considering a separation being performed
at “high temperature”. Definitions such as “higher than 100°C,” “higher than room
temperature,” and “higher than the boiling point of the mobile phase solvents” are
present, yet a separation should be considered as being performed at a high temperature if
the temperature used is well above room temperature.[11]

13

Temperature and Retention
The effect of temperature on retention is given by the enthalpy term of the van’t
Hoff equation for the retention factor,
ln k = - H/RT + S/R + ln

(1.4)

where H is the enthalpy change associated with the transfer of the solute between the
phases,

S is the corresponding entropy change, R is the molar gas constant, T is the

absolute temperature, and

is the phase ratio of the column. Since a solute with a large

H will be more affected by a temperature change than a solute with a small H, changes
in selectivity may take place at higher temperatures.
Studies have been performed to develop a comparison between the effect of a
change in solvent on retention and a change in temperature. It has been shown that a 1%
increase in organic concentration is similar to a temperature increase of 4°C.[12]
As mentioned earlier, the viscosity of the mobile phase is reduced with increasing
temperatures, which reduces the column backpressure. Since the enthalpy is a function
of the internal energy E, the partial molar volume Vm, and the pressure p, ln k is:
ln k = - E/RT – p Vm/RT + S/R + ln

(1.5)

Since Vm is independent of temperature, one is able to predict the effect of temperature
on the pressure dependence of ln k. Retention has been shown to increase by up to 300%
with a 100 bar increase in pressure, while the change in partial molar volume was around
2%.[13] In addition, when comparing proteins and polypeptides to smaller molecules, H
and

S may increase for the larger molecules due to changes in structure and

displacement of solvent molecules at the protein surface at higher temperature; this leads
to an overall increase in retention.
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Temperature and Selectivity
If the enthalpy difference of two solutes at different temperatures is related to a
single retention mechanism, increasing temperature will usually result in a decrease in
selectivity. Small solutes in reversed-phase systems have been shown to exhibit lower
selectivity at higher temperatures.[14] Temperature effects generally were found to be
much smaller than changes in the mobile phase composition. For instance, similar
retentions were found in one instance with a temperature range from 30 to 120°C at a rate
of 30°C/min as with a 70-85% organic change at 6% per minute.[15]

A combined

variation of temperature and solvent strength can be used in correlation to lead to a
desirable separation. Variations in temperature within the 10-90°C range have been
shown to be around the same magnitude as variation in pH within the 2-7 range for basic
compounds in reversed-phase mode.[16]

The increase in retention at elevated

temperatures for some solutes can be attributed to secondary interactions, reduced
ionization, or reduced solubility in the mobile phase at higher temperatures.[17]
More effects of temperature on separations have been studied with regards to the
type of solute. For compounds with two ionizable groups (e.g. amino acids), more
retained amino acids benefit from basic buffers, while less retained amino acids benefit
from acidic buffers. Solutes that experience two different retention processes can benefit
from the use of high temperature.[18]
Even if the main effect of a separation incorporating high temperature is
decreased retention, peak reversals can occur and will possibly lead to improved
resolution caused by changes in selectivity.

If the selectivity is reduced at high

temperature, lower resolution is not necessarily a result.
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In some instances, more

important than changes in selectivity are improvements of the peak shapes of broad or
asymmetric peaks.
Temperature and Packed Columns
The reduced plate height (h = H/dp) using dp as the diameter of the particles for
packed columns can be calculated according to the Knox equation
h=A

1/3

+ B/ + C

where the reduced velocity is

(1.6)

= µdp/Dm, where Dm is the diffusion coefficient. It is

expected that elevated temperatures will improve laminar flow and lateral mixing of
analyte molecules due to the increased diffusivity, although the improvements may not be
significant enough to drastically change the A term. The longitudinal diffusion B term
increases with increasing temperatures, thus becoming significant at low linear flow
rates. The C term, which is related to mass transport between phases and diffusion inside
the stationary phase plus adsorption/desorption kinetics, will be drastically reduced with
increasing temperatures. In addition to A, B, and C being dependent on temperature, they
can also be dependent on k. The A term, as above, is usually little affected, while the B
and C terms tend to increase with increasing k.[10]
Many instances of the improvement of separations are present in the literature. A
30% and 48% improvement in efficiency is found when increasing the temperature from
25 to 65°C on a zirconia column and from 25 to 70°C on a silica column, respectively.[19,
20]

Increasing the temperature from 24 to 80°C allowed for the use of smaller particles or

longer columns with a roughly 2.5 times faster optimum linear velocity with reduced
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back pressure.[21]

In general, column efficiency is enhanced with the use of high

temperatures.
Isothermal Separations and Temperature Programming
Although the majority of LC instruments do not have programmable ovens,
temperature changes along microbore columns can be performed similarly to gas
chromatography. Due to increased thermal response and lower thermal mass, columns
with small internal diameters are preferable for both changing the temperature in steps as
well as for temperature gradients. The current trend towards narrow-bore columns as
well as the growing popularity of using temperature in LC has led some manufacturers to
now offer programmable ovens in LC instruments.
Even though attempts to program temperature in LC have been tried in the past,
the lack of suitable equipment as well as columns that could withstand the desired higher
temperatures hindered advancement.[11]

Standard size (4.6 mm i.d.) columns also

hindered the development of the technique due to the size of the column leading to radial
temperature gradients in the column unless the solvent is preheated in the same oven.
Figure 1.5 shows the schematic of an oven that allows for preheating of the mobile phase
in the oven with the column which eliminates this problem. If the incoming solvent is
cooler than the column wall, peak broadening will occur due to mobile phase at the
column center being cooler than mobile phase at the column walls.[22] It has been
suggested that the temperature difference between the mobile phase entering the column
and inside the column should be less than 7°C to avoid band broadening,[23] yet the
broadening of the peak depends on two things. First, a major difference between the
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Figure 1.5: Schematic of HPLC instrumentation incorporating an oven suitable for high
temperature separations.
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temperature of the incoming solvent and the temperature of the column can lead to
problems. Second, the diameter of the column can have an effect on the broadening.
Narrow-bore columns reduce thermal mismatch effects quite drastically and can even be
ignored due to the faster heat transfer, thus making the problem nonexistent.[24] It has
been recommended to use 2 mm i.d. columns on conventional LC equipment in order to
compromise between the reduced radial retention differences as well as the dead volumes
of these typical instruments.[25] Figure 1.6 shows how band broadening can occur with
temperature fluctuations in the column.
A low thermal mass is necessary to cause a rapid increase to the elution
temperature. Thus, narrow-bore columns in essence appear to be the sensible choice for
temperature programming. Repeatability of retention with temperature programs has
been shown to be as low as 2% for a program ranging from 40-110°C.[12] Isothermal
separations are also quite useful with narrow-bore columns due to the much smaller
equilibrium times at temperature changes, yet given enough time standard size columns
can reach equilibrium.
With regards to detectors, temperature programming may have an advantage to
solvent gradients. The mass-to-charge ratio and the abundance of fragment ions are
expected to remain constant with temperature programs in mass spectrometry,[26] yet
there is also a risk of increased column bleeding at high temperatures which could result
in an increase in background noise. Baseline problems can occur with some solvents due
to temperature-dependent refractive indices in UV-detection. With regards to reversedphase systems, methanol and acetonitrile-water mixtures give smaller effects when
compared to THF-water mixtures.[27]
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Figure 1.6: Schematic of band broadening at high temperatures.
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Separations in Hot Water
High-temperature LC allows for the use of very hot water as a mobile phase. Hot
water is characteristic of an organic solvent given that the dielectric constant of water is
reduced from 80 at 25°C to 35 at 200°C. With the emphasis on “green” chemistry,
solutes and stationary phases that can withstand water at high temperatures can allow for
separations to fall under this category. Silica-based stationary phases are expected to
rapidly degrade at temperatures up to 200°C, but it has been shown that an ODS column
can be stable for a few weeks operating at a temperature approaching 175°C.[28] Styrenedivinylbenzene polymers as well as columns based on carbon, zirconia, or other metal
oxides are stable up to 200°C in water, although repeated temperature programs in
aqueous phosphate mobile phases have demonstrated some reduction in retention as well
as column efficiency.[11] Although hot water has shown a lot of promise, it is not likely
that the need for organic solvents in LC will ever go away.
Separations with Non-Aqueous Systems
An advantage of using a non-aqueous system at higher temperatures is that
hydrolysis of the stationary phase is less of an issue. The phases can be reversed-phase
or polar sorbents, for solutes which have little solubility in aqueous systems.

On

reversed-phase columns, the interactions may be of van der Waals type. A common
problem with silica columns is reproducibility problems caused by variations in activity;
for this reason, reversed-phase columns are preferred at high temperature with nonaqueous mobile phases.
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Practical Implications of High-Temperature LC
One note worth mentioning is that at high temperatures close to or above the
boiling point of the components of the mobile phase, a backpressure regulator is needed
to avoid boiling within the column which could lead to deterioration of the stationary
phase. Depending on the size of the column, it can be anything from a needle valve to a
narrow-bore outlet tube. Studies on temperature effects should be performed at constant
pressure, since the retention of some compounds can be strongly influenced by pressure.
In addition, stationary phase stability should always be kept in mind. Silica-based
C18 phases rapidly degrade at temperatures above 100°C in aqueous mobile phases, but
using these materials at or below 70°C result in few problems. Some stationary phases
can easily be used at temperatures up to 150°C without fear of degradation, yet other
robust phases such as graphitic carbon can be used at temperatures approaching 250°C.
Using flammable solvents in a hot oven can also be an issue, but it makes sense
that the danger associated with this is related to the size of column and the amount of
solvent used. Also, it should be noted that analytes need to be thermally stable during a
separation, but with the reduction in analysis time when incorporating high temperatures,
it is possible to analyze unstable compounds.
Capillary Electrophoresis
Introduction
Capillary electrophoresis (CE) is a separation technique in which the separation
occurs because of different migration rates of solutes in an electric field. The technique
can be used to separate cations, neutral analytes, and anions all in a single analysis. Early
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work using CE involved the attempts to alleviate the Joule heating in the system which
resulted in significant band broadening problems.[29] It was later found that conducting
the electrophoresis experiments in smaller diameter tubes (300 µm) reduced the thermal
problems quite drastically.[30] It can be said that the modern era of CE began in 1981
when Jorgenson’s group conducted separations in narrow bore glass capillaries less than
100 µm in diameter.[31] This allowed for efficient dissipation of heat which allowed the
application of large electric fields without thermal dispersion.
Theory
Separations are obtained in CE because of the differences in velocity of ions in an
electric field. The movement of the ions is determined by their mobility (µ). The
mobility is defined as the average velocity that an ion moves under the influence of an
applied electric field. The velocity ( ) is given by:
= µ eE

(1.7)

where E is the applied electric field and µ e is the electrophoretic mobility. For a given
ion and medium, the mobility is a constant characteristic of that ion. The electric field
depends on the applied voltage and capillary length, while the mobility depends on the
electric force that the solute encounters, balanced by its frictional drag through the
medium. Taking this into account, the electrophoretic mobility can be obtained with:
µ e = q/6

r

where q is the charge of the ion,

(1.8)
is the viscosity of the solution, and r is the radius of the

ion. It can be seen that the mobility is directly proportional to the charge of the ion and
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inversely proportional to the viscosity of the solvent as well as the size of the ion. It can
be inferred that small, highly charged species have large mobilities.
An important aspect of CE is the electroosmotic flow (EOF) occurring inside the
capillary. EOF is the bulk flow of liquid in the capillary as a result of the surface charge
on the interior capillary wall. Capillaries are most often made of fused silica, where the
inner surface of the capillary is dominated by terminal silanol groups, which become
deprotonated at high pH. This charged surface defined by the zeta potential ( ) attracts a
tightly bound layer of cations from the buffer solution to form an electrical double-layer.
Next to this layer is a loosely associated region usually rich in cations. As the potential is
applied across the capillary, the cations are solvated so that their movement drags the
bulk solution toward the cathode which results in flow (EOF) and causes the entire
solution (including both neutral and charged species) to flow down the capillary. EOF
can be measured in terms of velocity (
EOF

or mobility (µ EOF):

= ( / )E

µ EOF =
where

EOF)

(1.9)

/

(1.10)

is the dielectric constant. EOF increases with pH due to an increase in zeta

potential since more silanol groups become more deprotonated. At high ionic strength, a
decrease in EOF occurs due to a compressing of the double layer, thus a lower .
Taking into account a species’ mobility due to EOF as well as its electrophoretic
mobility, the observed mobility (µ obs) of a solute is a function of both:
µ obs = µ EOF + µ e

(1.11)
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Instrumentation
One of the advantages of CE is the simple instrumentation required to perform
experiments.

A schematic diagram is shown in Figure 1.7.

Although commercial

instruments are available, a homemade system can easily be put together. Fused silica
capillaries on the order of 25-75 µm i.d. and 150-365 µm o.d. are used at a length of 2070 cm. The terminal ends of the capillary are placed into two buffer reservoirs that are of
the same content as the capillary. The reservoirs (chiefly vials of buffer) are placed at
equal heights to eliminate hydrostatic flow.
The injection of sample onto the capillary is achieved by two different methods.
Electrokinetic injection involves applying an electric field on the order of 12-15 kV for 23 seconds while the inlet end of the capillary is placed in a sample vial. Pressure
injection can be easily accomplished by raising the capillary inlet for a period of time
comparable to electrokinetic injection which introduces the sample hydrodynamically. In
commercial instruments, pressure is applied to a sample vial to inject the sample.
After injection of the sample, a high voltage is applied on the order of 10-30 kV
across the capillary. As the electric field is applied, the solutes injected will migrate at
different velocities from the inlet (anode) to the outlet (cathode) based on their different
mobilities.

Optical detection can be performed on the capillary by removal of the

polyamide coating on the capillary so that a “window” is formed. Detection schemes
common to CE include laser-induced fluorescence and UV/Vis.
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Figure 1.7: Schematic of CE instrument.
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Modes of Capillary Electrophoresis
Capillary Zone Electrophoresis
Capillary zone electrophoresis (CZE) is the most commonly used form of CE due
to its separation mechanism, operation, and versatility being quite simple. The separation
occurs due to analytes migrating into zones based on their different velocities. As Figure
1.8 shows, the analyte charge has an effect on the separation. Anionic and cationic
analytes are separated by EOF, while neutral species migrate with EOF due to not having
an intrinsic mobility.
Control of the pH which leads to steady EOF can be obtained using a suitable
buffer in CE. A wide variety of buffers can be used, with phosphate and borate buffers in
the range of 10-100 mM commonly used.

In CZE, neutral solutes are not easily

separated. Other separation modes allow for the neutral solutes to be separated by the
incorporation of an additive in the buffer to create a psuedostationary phase. This allows
for a separation based on more than just size to charge ratio of the analytes. The additive
acting as a psuedostationary phase has its own mobility, and when an analyte partitions
within the additive, the effective mobility changes compared to the analyte’s free
mobility. Differences in the association constants between the solutes and additive can
lead to an enhanced separation. Although additives aid the separation of neutrals, the
selectivity of anionic and cationic species can be enhanced as well. Two of the most
common additives are cyclodextrins (CDs) and surfactants, with surfactants being the
foundation for micellar electrokinetic chromatography (MEKC).
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Figure 1.8: Effect of charge on a CE separation.
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Cyclodextrin Capillary Electrophoresis
Cyclodextrins are macrocyclic oligosaccharides formed with 6, 7, or 8
glucopyranose units attached by -1,4 linkages that are referred to as , , and

CD,

respectively. These native CDs are shown in Figure 1.9. The hydrophobic interior of the
cavity in CDs allow for the formation of inclusion complexes with solutes, and the
different cavity dimensions for each CD type above leads to solutes tending to form
complexes better with certain CDs than others. Although

CDs tend to host a wide

variety of analytes, its solubility is the lowest. CDs were first reported to be used for the
enhancement of separations by Terabe.[32]
Due to its optically active carbohydrate structure, the CD complex can be
stereoselective; this leads to CDs being important in the field of chiral recognition. The
effective mobilities of solutes can be selectively modified by CDs, thus enhancing
resolution of enantiomers. Charged solutes can also have their separation enhanced with
CDs because the mobility can be modified enough to cause a separation due to the
complexation between the solute and CD. Solutes such as enantiomers with nearly
identical mobilities can be separated based on slight differences in their inclusion
constants when incorporating CDs. The enantioresolution is heavily influenced by the
type and concentration of CD. The type of CD is important because the formation of the
inclusion complex depends on whether or not the cavity of the CD is the right size for the
analyte to fit in. CDs can also be functionalized in order to alter selectivity as well as to
impart a charge which could turn out to be beneficial in terms of improving separations
of specific species. The size of the solutes is a critical factor in choosing the CD. Only
29

Figure 1.9: Representation of , , and CDs.
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one type of CD is usually added to the buffer, but multiple CDs are also beneficial in
altering the selectivity of a separation.

One must be careful to find the right CD

concentration because too low a CD concentration can lead to not enough complexation
to resolve enantiomers, while too high a CD concentration can lead to full complexation
which hinders the separation as well.
Micellar Electrokinetic Chromatography
MEKC is characterized by the addition of a surfactant to the buffer in CE to
modify the mobility of the solutes. First reported by Terabe,[33] MEKC works on the
principle that a surfactant such as sodium dodecylsulfate (SDS) present above the critical
micelle concentration (CMC) leads to aggregates of surfactant molecules known as
micelles which are depicted in Figure 1.10. Micelles usually have long hydrophobic tails
which are oriented towards the center of the micelle to avoid interaction with the
hydrophilic buffer. The polar ends orient themselves toward the running buffer leading
to a charge on the micelle. Cationic surfactants can reduce and eventually reverse EOF,
while anionic surfactants have little to no effect.
The charged micelle migrates at a velocity different from EOF. An anionic
surfactant will migrate toward the anode away from EOF, but since EOF is usually
greater than the velocity of the micelle, the net movement is in the direction of EOF. The
partitioning in and out of the micelle affects the separation of neutral solutes and is in
proportion to the solute’s hydrophobicity. No interaction with the micelle results in the
neutral molecules simply being carried by EOF.
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Figure 1.10:
molecules.

Representation of micelles formed from aggregates of surfactant
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Although an advantage of MEKC is the ability to separate both charged and
neutral species, one major disadvantage involves the limited time window during which
the solutes elute since the phase is psuedostationary. The window is affected by the void
time (t0) and the migration time of the micelle (tm). As retention of an analyte increases,
resolution will increase, but a maximum is eventually reached before decreasing as the
migration time of the solute approaches that of the micelle. This is especially the case for
hydrophobic analytes which are highly retained.
Cyclodextrin-Modified Micellar Electrokinetic Chromatography
The incorporation of CDs into MEKC can lead to resolution of analytes that CDs
or micelles alone would be unable to accomplish. Differing distributions of the analytes
into both the CDs and micelles allow for enhanced resolution. A change in the elution
window by adjusting the buffer by pH change or additions of modifiers can affect peak
capacity and change the elution window to allow for the separation to be enhanced.
Figure 1.11 shows a schematic of how the addition of CDs in MEKC can afford these
improvements in separation. The more an analyte incorporates into the CD, the shorter
time is needed for migration, which will result in a migration time close to t0 for the
neutrals. On the other hand, less incorporation into the CD leads to a migration time very
close to the migration time of the micelle (tm).

33

t0

ta

tb

tc

tmicelle

Figure 1.11: Schematic of elution window enhancement with the incorporation of
cyclodextrins into micellar electrokinetic chromatography.
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CHAPTER 2
INFLUENCE OF MOBILE PHASE GRADIENTS ON THE
SEPARATION OF PEPTIDES FROM A CYTOCHROME-C DIGEST
BY REVERSED-PHASE LIQUID CHROMATOGRAPHY

Introduction
Reversed-phase liquid chromatography (RPLC) has become a very important tool
in the separation and analysis of mixtures of peptides and proteins due to its high
resolving power and to the sensitivity of the retention of analytes to small changes in the
molecular structure of the eluites. Peptide analytes containing nearly identical amino
acid sequences can be separated, at least in many cases.[34, 35] RPLC is particularly useful
in the separation of the peptide mixtures formed from the controlled enzymatic digestion
of proteins.[36, 37] It is particularly easy in RPLC to adjust the different factors that affect
the interactions between peptides and stationary phase and to enhance the resolution of
the products of the protein digestion, which makes the method attractive for a first stage
in the separation of these mixtures.
A successful separation of a mixture of peptides such as a product of enzymatic
digestion by RPLC requires the selection of a suitable mobile phase. This choice may be
instrumental in achieving a separation with a good resolution of the components of the
mixture in a timely manner. Selectivity improvements in a separation can often be
achieved with appropriate mobile phase modifications.[38] Several organic modifiers,
such as acetonitrile (ACN),[39] methanol (MeOH),[40] and tetrahydrofuran (THF)[41] have
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been shown to afford different selectivity in the separation of several protein digests and
mixtures of proteins.
In this work, the influences of the composition of the mobile phase and of the
characteristics of the gradient used on the separation of the peptides resulting from an
enzymatic digest of cytochrome-c (cyt-c) were studied.

The retention data of the

different peptides were measured, using seven different gradient conditions with three
organic mobile phase modifiers: ACN, MeOH, and THF. The ways in which the choices
of the organic modifier and of the gradient parameters affect the separation of a complex
mixture like the cyt-c digest were analyzed. In a study of the separation of a peptide
digest, the goal is rarely to separate two specific compounds. It would be arbitrary to try
and do so. The goal is far more often to achieve the highest possible overall resolution of
the mixture into its many components. Thus, our goal in this work was to achieve the
highest possible peak capacity within what we consider to be a reasonable time frame by
altering the gradient. This goal is quite different from the optimization of a specific
separation, as ably discussed long ago by many authors.[42-46]
Theory
Retention in Gradient Elution
Retention factors depend on the mobile phase composition, a dependence that is
often accounted for using the Linear Solvent Strength (LSS) model, where the logarithm
of the retention factor varies linearly with time in a gradient.[47] According to this model,
the logarithm of the solute retention factor, k, is a linear function of the volume fraction
of organic modifier in the mobile phase, , as:[48]
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ln k = ln k0 – S

(2.1)

where k0 is the retention factor extrapolated at

= 0 (i.e. in pure water, with no organic

modifier) and S is a factor related to the nature of the solute and of the organic modifier.
Values for S tend to be much larger for peptides than for smaller molecules and to
increase with increasing molecular weight of the analyte; therefore, small changes in
can result in large changes in their retention.[49] Although Eq. 2.1 is not valid in a wide
range of concentrations of the organic modifier, this relationship is often used and can be
useful with peptides since, S being large, it remains valid in the concentration range that
is practically relevant.

However, Marchetti and Guiochon[39] have shown that the

retention factors of the components of the tryptic digest of myoglobin are best accounted
for by a quadratic equation.
Retention Factor in Gradient Separations
The gradient retention factor kg can be determined as:[50]
kg = (tR/tM) – 1

(2.2)

where tR is the retention time of the compound of interest and tM is the retention time of
an unretained compound or hold-up time. If the gradient slope G is defined as follows:
G=S

(tM/tG)

(2.3)

where tG is the gradient time, integrating the migration of the band under gradient
condition results in the gradient retention factor being expressed as:[50]
kg = (1/G) ln (Gk0 + 1)

(2.4)

As mentioned earlier, the values for S depend much on the size of the analyte. A
value for S around 4 is typical for small molecules.[51] In contrast, studies made on
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mixtures of peptides that are similar to the peptides studied here resulted in an average
value for S of 23; this suggests that the effect of the mobile phase composition on the
retention of the peptides is quite large.[52]
Peak Capacity in Gradient Separations
Peak capacity is a concept that is simple and practical to use for the purpose of
determining the separation performance achieved under gradient conditions.[50, 53-55] The
peak capacity P can be determined under gradient conditions using the following
equation:[56, 57]
P = 1 + (tG/wb)

(2.5)

where wb is the peak width at base. For Gaussian peaks, the equation for peak capacity
becomes:
P = 1 + (tG/1.699wh)

(2.6)

where wh is the peak width at half height. Due to the difficulty of having a reproducible
peak width measurement at the baseline, Eq. 2.6 is preferred.[49] These last two equations
assume that the peak widths of all the analytes are the same, independently of their
natures and of their retention factors, which has been shown to be approximately the case
for many separations carried out under gradient conditions and particularly for peptide
separations.[58]

Accordingly, the peak capacity increases as the gradient run time

increases.
A more practical and conservative peak capacity determination can be obtained
by calculating the sample peak capacity for a given separation.[48] Denoted here as P**
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(PC** in aforementioned reference), the sample peak capacity for a given gradient
separation is:
P** = (tR,n – tR,1) / W

(2.7)

where tR,n is the retention time of the last eluting peak in the sample, tR,1 is the retention
time of the first eluting peak in the sample, and W is the average baseline peak width.
Since gradient separations have been known to generate rather uniform peak widths,
average width W can be replaced with a representative peak width wb. Sample peak
capacities give a more realistic value for a given sample since a certain gradient does not
necessarily give the same peak capacity from sample to sample.
To examine the influence of gradient slope on the peak capacity of a separation of
peptides such as those examined here, the peak capacity can be calculated as:[50]
P = 1 + (N ½/4) (S

/ G +1)

(2.8)

where N is the column plate count. Acceptable agreement between Eq. 2.5 and Eq. 2.8 is
expected.
Experimental
Chemicals
Three different organic modifiers were used in the gradient studies performed. A
solution of 0.1 % (v/v) trifluoroacetic acid (TFA) in water was paired individually with
MeOH, ACN, and THF solutions. The MeOH, ACN, and THF mobile phase components
each included 0.1 % (v/v) TFA. Water, MeOH, ACN, and THF were all of HPLC grade,
purchased from Fisher Scientific (Fair Lawn, NJ, USA).
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TFA, Tris, cytochrome-c,

trypsin, 1-naphthol, thiourea, and phenol were purchased from Aldrich (Milwaukee, WI,
USA).
Equipment
All the experimental data were obtained using a Hewlett-Packard (now Agilent
Technologies, Palo Alto, CA, USA) HP 1090 Series II liquid chromatograph. This
instrument includes a multi-solvent delivery system, an autosampler with a 250

L

sample loop, a diode-array UV detector, a column thermostat, and a computer data
station. Compressed nitrogen and helium (National Welders, Charlotte, NC, USA) are
connected to the apparatus to allow for the continuous operation of the pump, the
autosampler, and for the sparging of the solvents.
The mass spectra were acquired on a Quattro II triple quadrupole mass
spectrometer (VG-Analytical, Manchester, UK). The MS spectra were acquired in offline mode. The fractions collected from the RPLC runs were infused at 5 L min-1 into
the ion source. The spectra were acquired from m/z 200 to 1700 Dalton, with a cone
voltage set to 50 V.
Separation Conditions and Measurements
All the separations were performed on a set of six Chromolith Performance RP18e columns (100 mm x 4.6 mm), a gift from Merck (Darmstadt, Germany) which had
been evaluated previously[59] and was used previously for a similar work, the separation
of the tryptic digests of myoglobin.[39] Most work was done with one column; some
separations and measurements were also carried on the train of six columns connected
through the special connectors available from Merck. The column oven temperature was
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25˚C, and the detection wavelength was 210 nm. All injections had a volume of 10 L,
and the mobile phase flow rate was 1.0 mL min-1. Table 2.1 shows the 7 different
gradients used in the experiment. All the gradients were delayed 2 minutes after sample
injection. All the injections were performed in triplicate with regard to the gradient and
the mobile phase composition.

Column hold-up volumes were calculated for each

organic modifier using injections of thiourea. ACN, MeOH, and THF gradients resulted
in volumes of 1.526, 1.547, and 1.497 mL, respectively. The repeatability of the elution
times of all the peptides from the digest was characterized with a relative error lower than
1.1% for each peptide within each gradient and mobile phase composition combination.
The peak capacities reported later were calculated using data measured on the
peaks eluted early and late in the chromatograms of the tryptic digests and on the peaks
of phenol and 1-naphthol obtained by their individual analysis on one column and on the
complete train of six columns, as indicated above. The analytes were dissolved in pure
water, at 1 mg mL-1. The injection volumes were 25 L. The UV detector wavelength
was set at 254 nm.
Protein Digestion
The enzymatic digestion of cyt-c was performed using a procedure similar to that
reported earlier for myoglobin.[39] No reducing or alkylating steps were used in the
digestion. Cyt-c was solubilized in a 40 mM Tris-HCl buffer solution adjusted to a pH of
8.5. The amount of trypsin (1 mg mL-1 in 1 mM HCl) added was calculated to achieve a
desired ratio of 1:50 (w/w) between the enzyme and the protein. The digestion procedure
was performed for 24 hours at 37ºC in a heated, sonicated bath followed by the addition
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Table 2.1: Summary of gradients.
* All gradients had a delay time of 2 minutes following injection.

Gradient Initial %B Final %B Time (min.)*
1
2
3
4
5
6
7

5
5
5
5
5
5
5

85
65
85
45
45
65
45

20
20
30
20
30
60
60
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Gradient slope ( %B/time)
4
3
2.67
2
1.33
1
0.67

of a 10 mM HCl solution at the conclusion of the 24 hours to halt the digestion. The
same procedure was also performed to make reference solutions that contained the TrisHCl buffer as well as the same amount of trypsin that was added to the previous digest
solutions. These reference solutions allowed for the determination of the components in
the digest solutions that cannot be attributed to the digestion of the protein.
Results and Discussion
Separation of the Cytochrome-C Digest Mixture and Calculations
Figure 2.1 shows typical separations of the peptides generated from a cyt-c digest.
Three different organic modifiers were used to generate the three chromatograms, ACN
(a, top), MeOH (b, middle), and THF (c, bottom). The largest number of peaks resolved
was observed with ACN. The chromatogram obtained with THF is similar to the one
generated with ACN in that the same peaks tend to be resolved. However, the baseline
drifts considerably, and the sensitivity is lower. The resolution of the last group of peaks
is better with MeOH than with ACN and THF (discussed later), yet MeOH does not
resolve as well as ACN or THF the peaks at the beginning of the separation. The
baseline of the MeOH gradient had a stronger drift (nearly five times stronger) than that
of the ACN gradient; this result is due to the absorbance of MeOH at 210 nm being
stronger than that of ACN. Absorbance at 210 nm for THF is much stronger than for
MeOH, thus resulting in an even steeper drift. As reported later, different gradient slopes
or times with a different organic modifier result sometimes in changes in the elution order
as shown to be the case previously. The phenomenon is more apparent in the cyt-c digest
separation with ACN and THF than with MeOH.
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Figure 2.1: Separation of cyt-c digest using gradient No. 5.
Peaks denoted with arrows were used to look at effects of gradients using (a) ACN, (b)
MeOH, and (c) THF.
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Mass spectrometry was performed on collected fractions to identify the peaks
corresponding to the peptides separated from the digest. The results obtained are similar
to results published previously.[60] Although the separation conditions of this earlier
study are slightly different and the mass spectra were acquired on-line while ours were
obtained off-line, there is a very acceptable matching of the two sets of data. The peaks
observed in this experiment and analyzed with MS correlate very well with the data of
Qian and Lubman.[60] For example, Figure 2.2 shows a mass spectrum obtained for one
of the peaks generated from the digest separation. ACN was the organic modifier used in
this separation. The peak observed in our work matches with the earlier data from the
UV trace as well as with the mass derived from the mass spectra data.
Table 2.2 lists the S values calculated for 2 peptides using the seven different
gradient scenarios used in this work (Table 2.1). The gradient slopes were derived from
Eq. 2.4, the S values from Eq. 2.3. For a majority of the peptides generated from this
digest, the trend of ACN giving the highest S value and MeOH giving the smallest S
value is observed.
As discussed previously, the widths of peaks in a gradient separation are expected
to be very close in value. Table 2.3 reports the average peak widths for five and four
well-resolved peaks obtained with the seven different ACN and MeOH gradient runs,
respectively. The results show (1) that the peak widths are constant during a gradient run
(RSD ca. 5% or less) and (2) that the peak widths obtained with ACN and MeOH are
indeed quite similar for the same gradient conditions, with differences between the sets of
widths for ACN and MeOH being less than 30% in most cases. The THF data is not
shown due to the widths of the peaks in those separations not being close. This effect is
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Relative Abundance

m/z
Figure 2.2: Mass spectrum of a peak denoted with an arrow from Fig. 2.1(a).
The peptide was of the sequence IFVQKCAQCHTVEK with a mass of 1633.82 Da.
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Table 2.2: S value calculations for selected peptides.

Peptide

ACN MeOH THF

IFVQK

32.2

14.6

17.3

MIFAGIK 34.0

14.8

20.5

MW: 634.4

MW: 779.5
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Table 2.3: Calculation of average peak width and relative standard deviation for selected
peptides.
1 Average for five well-resolved peaks in the chromatogram.
2 Average for four well-resolved peaks in the chromatogram.
Gradient numbers are the same as in Table 2.1.

1

Gradient

Avg.
(sec.)

1
2
3
4
5
6
7

5.064
5.341
5.712
6.156
8.256
9.864
14.34

ACN

MeOH

2

% RSD

Avg.
(sec.)

% RSD

5.7
3.9
4.2
3.4
4.1
3.4
5.1

6.315
7.185
7.622
9.015
11.925
15.359
18.479

2.6
2.4
3.2
1.8
3.6
4.8
2.0
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explained in part by the extreme drift in the chromatograms due to the strong absorbance
of THF.
Table 2.4 shows the results of sample peak capacity calculations made using
different gradient conditions. The peak capacities are calculated for the interval between
the first and the last peak of the chromatogram (see Fig. 2.1). The values obtained with
ACN and MeOH for the cyt-c sample are very similar with respect to ranking the
gradient slopes according to peak capacity. However, the peak capacity is nearly 30%
lower for ACN than for MeOH (except for gradient No. 4), in spite of the significantly
smaller average bandwidth observed with ACN than with MeOH (see Table 2.3). The
time between the first and last eluted peptide is much larger with the MeOH than with the
ACN gradients, thus allowing the longer time frame to more than compensate for the
effect of the larger peak widths. In contrast, the values for THF suggest that time is the
main issue when achieving a desirable peak capacity. As shown in Table 2.4, reducing
the gradient slope (Table 2.1) allows a marked increase in the peak capacity but at an
important cost in analysis time. This is because the bandwidth, wb, increases significantly
with decreasing gradient slope, albeit it does so less fast than the retention time, tG. A
reasonable compromise for the cyt-c digest in this work is obtained with the third
gradient for MeOH, which, with a gradient slope G of 2.67, gives a high peak capacity of
85 (Table 2.4) and an analysis time of only 30 min. (Table 2.3). However, the fifth
gradient performs better with ACN and THF (Table 2.4).
Table 2.5 reports the results of the peak capacity calculations made using the
chromatograms obtained with 1-naphthol and phenol, using the ACN gradient No. 6
(Table 2.1), for one column and a six times slower gradient for the six column train.
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Table 2.4: Sample peak capacity calculations.
* Gradient numbers are the same as in Table 2.1.

Gradient* ACN MeOH THF
1
2
3
4
5
6
7

40
46
51
47
58
76
72

50

65
74
85
50
72
98
94

41
46
58
63
76
83
99

Table 2.5: Peak capacity calculations for 1-naphthol and phenol using ACN and gradient
No. 6 from Table 2.1.
* The 6-column calculations were done using ACN and gradient No. 6 with the
exception of the time being extended to 360 min.

Columns

Analyte

Peak Capacity

1

1-naphthol

34

phenol

41

1-naphthol

121

phenol

147

6*
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These two analytes were chosen so that one was strongly retained and the other only
weakly retained. The peak capacities calculated for one column are lower than those
derived from the chromatograms of the peptides. The two compounds used in this case
have lower molecular weights than those of the peptides generated in the digest. This
results in a larger molecular diffusivity for both 1-naphthol and phenol than for the
peptides. The minimum bandwidth is obtained at an optimum velocity, the value of
which depends on the diffusivity.

Due to the larger diffusivity of the two test

compounds, the column is operated at a velocity much larger than the optimum velocity
for these compounds, and their relative bandwidths are larger than those of the peptides,
thus resulting in lower peak capacities. Although the data acquired with the six-column
train used a gradient having a six times lower slope, the results of the calculations give
about a three and a half times larger peak capacity (while 6=2.45). The effects of peak
width and resolution in gradient elution according to plate number have been studied
previously.[61, 62] Although peak capacity should be proportional to the square root of the
efficiency,[63] this trend was not observed here. Due to their previous history, the six
columns have significantly different efficiencies, some having been used more than
others.
The six-column train was also used in the separation of a cyt-c digest. Figure 2.3
shows a portion of one of the chromatograms obtained. The baseline is quite noisy for
the long gradient time; this effect was also observed in the longer gradient times during
the analyses made on one column. Overall, long gradient times with a small overall
change in the organic modifier concentration tend to produce noisy baselines. When the
chromatograms with long gradient times were recorded at higher wavelengths, which are
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Figure 2.3: Portion of the chromatogram resulting from the separation of a cyt-c digest
on a six-column train.
Gradient No. 4 was used but extended by a factor of 6, running from 5-45% in 120 min.
with acetonitrile.
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farther away from the UV cutoff for the mobile phase used, the noise was considerably
decreased. Unfortunately, so was the detector response, resulting in smaller peaks and
little improvement in the signal-to-noise ratio. A sample peak capacity calculation for the
digest separated using ACN (see Fig. 2.3) results in a value around 200. This results in
approximately a four-fold increase in peak capacity when compared to the data of ACN
with gradient No. 4 on a single column. These values are comparable to those reported in
a recent work[54] because the peak capacity given in this work is the sample peak capacity
while the other paper reported the gradient peak capacity or peak capacity from the
elution of the unretained tracer to the end of the gradient.
Separations Obtained with Acetonitrile
Figure 2.4 shows how a change in gradient slope can affect the elution order of
the two peptides centrally located in the chromatogram. With the high gradient slope
(Fig. 2.4(a)), a small peak follows the large peak, both being somewhat resolved. With
the intermediate gradient slope (Fig. 2.4(b)), the large peak is still followed by the small
peak, but their resolution is drastically reduced. However, their resolution is enhanced
with the low gradient slope (Fig. 2.4(c)), the large peak now following the small peak.
Attempts were made to find a gradient slope that resulted in the two peaks
completely overlapping. As shown in Figure 2.5, a 30-minute gradient of 5-40%B
resulted in the nearly exact overlap of the 2 peaks.
Separations Obtained with Methanol
Different gradients of a given organic modifier do not necessarily lead to the same
elution order of two compounds as we show below. Changes in elution order have been
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Figure 2.4: Effect of acetonitrile gradients on peak resolution.
The peaks designated with an arrow in Fig. 2.1(a) were separated using (a) gradient No.
1, (b) gradient No. 3, and (c) gradient No. 5.
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Figure 2.5: Complete overlap of the peaks from Fig. 2.4 with an acetonitrile gradient of
5-40% in 30 min. with a 2 min. delay.
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shown to be predicted using DryLab software developed by Snyder.[44, 64, 65] Changing
the gradient slope of different organic modifiers does not cause the inversion of the
elution order of the same pair of compounds. Changing the slope of the MeOH gradients
does not change the elution order of the two peptides discussed above with ACN
(previous section), but it does affect the elution order of the peptides at the end of the
separation.
All ACN gradient runs resulted in the elution of the same group of three peaks at
the end of the separation run. With MeOH gradients, however, four peaks were resolved
under certain conditions. The elution order of these four compounds was strongly
affected by the gradient slope. Figure 2.6 compares the ends of the chromatograms
obtained with three different MeOH gradients (gradients Nos. 1, 3, and 5 in Table 2.1),
showing only the last peaks recorded. With the highest gradient slope (Fig. 2.6(a)), four
peaks of nearly equal size are clearly seen all with a resolution slightly larger than 1.
With the intermediate gradient slope (Fig. 2.6(b)), the middle two peaks now overlap into
a single larger peak. The lowest gradient slope (Fig. 2.6(c)) results in the two middle
peaks being resolved again but with a reversal in their elution order.
Separations Obtained with Tetrahydrofuran
The separations obtained with a THF gradient are similar to those achieved with
an ACN gradient, in the sense that the same two peaks shown earlier to experience a
reversal in their elution order when the slope of the ACN gradient is changed are
similarly affected by changes in the THF gradient slope.

Figure 2.7 shows three

chromatograms illustrating the elution order reversal when changing the slope of the THF
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Figure 2.6: Effect of methanol gradients on peak resolution.
The peaks designated with an arrow in Fig. 2.1(b) were separated using (a) gradient No.
1, (b) gradient No. 3, and (c) gradient No. 5.
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Figure 2.7: Effect of tetrahydrofuran gradients on peak resolution.
The peaks designated with an arrow in Fig. 2.1(c) were separated using (a) gradient No.
4, (b) gradient No. 5, and (c) gradient No. 7.
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gradient. With the 20-minute gradient (Fig. 2.7(a), gradient No. 1, Table 2.1), the large
peak is followed by the well-resolved small peak. With a 30-minute gradient (Fig.
2.7(b), gradient No. 3), the large peak is still followed by the small peak, but their
resolution is drastically reduced. Finally, the resolution of the two peaks is markedly
enhanced with a gradient time extended to 60 minutes (Fig. 2.7(c), gradient No. 5), but
the large peak now follows the small peak.
Conclusion
This work illustrates the effects of altering the gradient parameters and the mobile
phase composition on the separation of the peptides generated from a cyt-c digest. A
gradient slope was found that provides a high peak capacity and a nearly complete
separation of the components of a complex mixture containing numerous unknown
compounds. ACN, MeOH, and THF have all been shown to cause peptide elution order
changes with different gradients. Investigations into the nature of these peptides and their
interactions with the mobile and stationary phase are cause for future work.
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CHAPTER 3
SEPARATION OF FREE STEROLS BY HIGH TEMPERATURE
LIQUID CHROMATOGRAPHY

Introduction
Sterols constitute a group of compounds that occur in many natural substances
and have many useful functions due to their physical and biological activities. Their
molecules contain a fused four-ring system with 27-30 carbon atoms, with a side chain of
typically 7 or more carbon atoms attached at the C-17 position. The analysis of sterols in
edible oils and fats by chromatographic methods has been reviewed,[66-68] with most
applications being in the area of oils.
The use of liquid chromatography at high temperatures has been improved
recently with the implementation of instrumentation that allows for temperatures up to
200°C to be reached, with even mobile phase pre-heating as well as column
thermostatting.[69] Some drawbacks which hindered the general acceptance of using high
temperatures to aid separations include concerns about the decomposition of analytes
and/or stationary phases as well as some questions concerning how selectivity would be
affected.[11] Admittedly, the requirements regarding the thermal stability are far more
stringent for the column than for the sample.
On the other hand, advantages of incorporating high temperature have been
discussed previously.[12, 24, 70] The increase in temperature leads to a lower mobile phase
viscosity,[8] hence a reduction in back pressure which allows for higher speed and/or
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increased efficiency with the usage of smaller particle sizes and with the use of longer
columns providing higher plate numbers. Slightly improved column efficiency is also
inherently due to increased mass transfer kinetics as a result of an increase in diffusivity
of analytes at high temperatures.[9,

10]

The most important advantage of performing

chromatographic analyses at high temperature is that the maximum column efficiency is
observed at a mobile phase flow velocity that increases with increasing temperature. This
increase in optimum flow velocity can be viewed as a disadvantage when there are
pressure limitations, but the decrease in viscosity of the mobile phase due to the high
temperature tend to make this concern a non-issue.
Although stationary phases such as graphitic carbon that can withstand high
temperatures have been available for some time, the creation of zirconia-based phases
can be viewed as the step that triggered the beginning of high temperature liquid
chromatography as a new, valuable technique.[71]

Many types of phases that can

withstand high temperatures have been tested and discussed previously.[69, 72, 73]
In this work, three stationary phases that are known to withstand high
temperatures will be employed and compared for the separation of a group of sterols. A
graphitized carbon black column had been investigated previously for the separation of
sterols,[74] yet the effects of temperature on these separations had not been studied. There
are many instances of reversed phase separation of sterols,[75-77] but the aqueous mobile
phases that are used are of a low percentage of water. It is expected that the use of a high
temperature will allow for an increase in the water concentration of the mobile phase.
The use of zirconia-based packing materials for the separation of the sterols chosen has
never been studied. A column packed with zirconia particles coated with a small layer of
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carbon was chosen as the third stationary phase to allow for a comparison to the graphitic
column.
As noted previously, the definition of “high temperature” can be quite
ambiguous.[11] In all three of our columns tested, satisfactory results were obtained at
temperatures in the range 100-150°C. At these temperatures, a backpressure regulator is
necessary in order to prevent boiling of the mobile phases, which could lead to damage of
the end section of the column being tested and would severely perturb the exit flow of the
mobile phase stream and the detector response. Also, careful consideration should be
taken to make sure that there are no leaks in the system so that issues do not arise with
the use of mobile phases that are flammable.
Experimental
Materials and Reagents
HPLC grade water, methanol, and chloroform were purchased from Fisher
Scientific (Fair Lawn, NJ). Ethanol was purchased from AAPER Alcohol and Chemical
Co. (Shelbyville, KY). The five sterols studied (cholesterol, lanosterol, stigmasterol, sitosterol, and ergosterol) were purchased from Steraloids Inc. (Newport, RI).

All

individual sterols as well as sterol mixtures were prepared in chloroform due to solubility
issues.

Four fruit juices (orange, pineapple, grapefruit, and pink grapefruit) were

purchased from a local grocery store. The extractions of the sterols from the juices were
performed using a combination of two procedures published previously.[78, 79] Briefly, 4
mL of ethanol, 5 mL of juice, and 0.75 mL chloroform were pipetted into a centrifuge
tube. After being vortexed for 2 minutes, the mixture was centrifuged for 10 minutes at
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2800 rpm. The chloroform layer (bottom) was then carefully removed for injection. The
procedure was performed individually for all 4 fruit juice samples.
HPLC Instrumentation and Columns
All the experimental data were obtained using a HP 1090 Series II liquid
chromatograph (Agilent Technologies, Palo Alto, CA) equipped with a multi-solvent
delivery system, an autosampler with a 250 µL sample loop, a diode-array UV detector,
and a computer data station. Compressed nitrogen (National Welders, Charlotte, NC) is
connected to the apparatus to allow for continuous operation of the pump and
autosampler. The desired column temperatures were obtained using the Metalox 200-C
column heater (Anoka, MN), which allowed for eluent preheating, a thermally
equilibrated column, and eluent cooling before reaching the UV detector. A pressure
regulator was supplied with the oven to prevent boiling of mobile phases.
Three columns were studied in this work: a 100x4.6 mm i.d. Thermo
HYPERCARB column (Runcorn, UK) containing 5 µm particles, a 150x4.6 mm i.d.
Shimadzu Pathfinder C18 EP column (Columbia, MD) containing 5 µm particles, and a
100x4.6 mm i.d. ZirChrom-CARB column (Anoka, MN) containing 3 µm particles.
Separation Conditions
Independent of the column used, the temperatures tested were in the range from
25 to 150°C, and the flow rates between 2.0 and 3.5 mL/min. Since the optimum flow
rate of a column increases with increasing column temperature, these values are close to
the optimum for maximum HETP. With the goal being the achievement of a fast yet
reliable analysis, the factors taken into account when attempting to separate the sterols
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considered were a high column temperature, a high flow rate, and an adequate mobile
phase composition The mobile phases for the HYPERCARB and ZirChrom-CARB
columns contained chloroform and methanol in differing compositions; for the Pathfinder
column the mobile phases contained water and methanol in differing compositions.
Detection was at 254 nm for all the sterols. The injection volume was 25 µL for all
chromatographic runs, yet the sample concentration of each individual sterol as well as
the sterols used in the mixtures varied. Retention factors were calculated using the
elution time of pure chloroform for the column hold-up time due to it being used as the
sample solvent.
Mass Spectrometer
Mass spectra were acquired on a QStar XL quadrupole time-of-flight MS/MS
system (Applied Biosystems MDS Sciex, Concord, ON, Canada). The MS spectra were
acquired in off-line mode. The fractions collected from the RPLC runs were infused at
20 L/min into an atmospheric photospray ionization (APPI) source. The spectra were
acquired with the assistance of 5 L/min toluene as dopant.
Safety Considerations
Although special precautions should be taken for proper ventilation of any
chromatographic unit using an organic mobile phase at high temperatures, more extensive
care was taken in this work for the use of chloroform at high temperatures. Appropriate
venting was used in the area of the instrument when chloroform was in use.
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Results and Discussion
Sterols
The structures of the five sterols studied are shown in Figure 3.1. Cholesterol and
β-sitosterol differ only in the ethyl group in the side alkyl chain of the latter compound.
As will be shown, this small difference leads to a challenge in obtaining a separation of
these two closely related sterols. Ergosterol is the only sterol studied with two double
bonds in the sterane skeleton, which is why it gives the strongest absorbance, resulting in
a lesser amount being needed for its detection. Because it is more planar than the other
sterols, it is the last sterol to elute on all the columns studied. Stigmasterol differs from
β-sitosterol only by a double bond in the side chain, which allows for an easy separation
of these two sterols. Lanosterol is quite different from the other sterols; its double bond
in the sterane skeleton is in a different position, and three methyl groups are substituents
on the sterane skeleton. These methyl groups (and particularly the one at the C-14
position) allow for lower interactions of lanosterol with the stationary phase,[74] thus
resulting in lanosterol eluting first in the work performed here.
Separation on the Graphitic Carbon Column
The durability and robustness of graphitic carbon allow for the material to be
exposed to extreme conditions in terms of temperature, pH, and strong solvents. The
retention mechanism appears to be based upon nonselective, van der Waals interactions
between the solute molecules and the carbon surface, and the retention depends heavily
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Figure 3.1: Structures of the five sterols studied.

67

on the geometry of the analytes being separated. Closely related solutes can be separated
with quite good selectivities as earlier work shows.[80-82]
Due to the quasi-planar shape of their sterane skeletons, sterols tend to be retained
longer on carbon-based packing materials. Due to the strong interactions of the sterols
with carbon, typical mobile phases used in reverse phase liquid chromatography, such as
water/methanol and water/acetonitrile mixtures, are not effective in eluting them in a
reasonable time frame. Stronger solvents are needed. Such solvents tend to have a heavy
molecular weight and to include highly polarizable atoms in their structure. Chloroform
has been shown to be effective for this type of separation,[74] which can be attributed to
the three heavy, polarizable chlorine atoms as well as to the sterols being highly soluble
in chloroform. The addition of methanol to the mobile phase can affect the retention
factor pattern and improve the selectivity, although a methanol excess might give too
long analysis times due to the strong retention of ergosterol on graphitic carbon.
Table 3.1 shows the retention factors and the selectivity measured on the
HYPERCARB column at room temperatures. It had been shown earlier that the retention
factors of sterols and their selectivity on graphitized carbon black increase with
increasing methanol concentration in the mobile phase but that its influence was low
below 20%.[74] With the HYPERCARB column, pure chloroform appears to give an
acceptable separation. When methanol is added to the mobile phase, the retention factors
increase quite dramatically, with the ergosterol retention factor of 40 corresponding to a
retention time of the order of 30 minutes.
Figure 3.2 shows the separation of the five sterols on the HYPERCARB column
at 100oC, with a 40/60 methanol/chloroform mobile phase. Under these experimental
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Table 3.1: Retention factor and selectivity data for sterol separation on HYPERCARB
column.
Conditions were a flow rate of 2.0 mL/min and a temperature of 30°C.

sterol

60% chloroform/
100% chloroform 40% methanol
k

k

lanosterol

0.45

--

1.63

--

-sitosterol

1.14

2.53

2.99

1.83

cholesterol

2.16

1.89

8.14

2.72

stigmasterol

3.23

1.49

14.53

1.78

ergosterol

8.27

2.56

40.01

2.75
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Figure 3.2: Separation of sterols on the HYPERCARB column.
The mobile phase was 60/40 chloroform/methanol at 3.0 mL/min and 100°C. Injection
amounts for lan, -sit, cho, sti, and erg were 125, 100, 22, 145, and 25 µg, respectively.
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conditions, the retention factors range from over 1.5 for lanosterol to slightly less than 18
for ergosterol. These retention times could be decreased by decreasing the methanol
concentration, but this would be at the expense of the separation. The band of ergosterol
is overloaded.
Separation on the Polymeric C18 Column
The Shimadzu Pathfinder series of columns is advertised as being able to
withstand temperatures up to 150°C while still giving reversed phase selectivity. These
columns are packed with polymeric particles bonded with C18 groups instead of silica. An
advantage of the use of reversed phase columns at higher temperatures is the progressive
decrease of the surface tension of water with increasing temperature that allows the use of
more water-rich mobile phases. As mentioned earlier, previous work on the separation of
sterols using reversed phase HPLC did not show adequate separations with water-rich
mobile phases. So, when the sterols separations were performed on the Pathfinder
column, we investigated whether the combination of a high column temperature and a
more water-rich mobile phase would afford satisfactory separations.
Table 3.2 lists the retention factors and selectivities obtained with measurements
made with the Pathfinder column at room temperature. The addition of water to the
mobile phase does appear to improve the selectivity of β-sitosterol with respect to
cholesterol. As on the HYPERCARB column, lanosterol elutes first and ergosterol last.
Previous work on silica-C18 columns showed that

-sitosterol and stigmasterol are

difficult to separate,[74] as seen here with pure methanol. The addition of water changes
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Table 3.2: Retention factor and selectivity data for sterol separation on Pathfinder
column.
Conditions were a flow rate of 2.0 mL/min and a temperature of 25°C.

sterol

100% methanol

95% methanol/
5% water
k

k

lanosterol

0.58

--

1.44

--

cholesterol

0.75

1.29

1.77

1.23

-sitosterol

0.76

1.01

2.08

1.18

stigmasterol

0.83

1.09

2.02

1.03

ergosterol

1.57

1.89

4.26

2.11
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the elution order, making stigmasterol to elute before β-sitosterol, an effect that seems to
be general.
Table 3.3 lists the retention factors and the selectivities measured at 80 and 105oC
with increased water concentration in the mobile phase. The data shows that an increase
in the temperature at constant mobile phase composition shortens the analysis time while
decreasing the selectivity, particularly between lanosterol and cholesterol. The addition
of more water to the mobile phase at constant temperature, however, does improve the
selectivity between stigmasterol and -sitosterol, while the retention time of ergosterol
remains reasonable.
Figure 3.3 shows the separation of the sterols under slightly different conditions at
150°C. A satisfactory separation is seen with 25% water, but increasing the water
concentration to 30% leads to an even better resolution of stigmasterol and -sitosterol.
Although it is much easier (albeit at the expense of analysis time) to get a separation with
excellent resolution of the sterols on the HYPERCARB column, the Pathfinder allows for
a faster separation as well as for the use of water in the mobile phase, which in terms of
cost and safety is beneficial.
Studies were also performed on the Pathfinder column with regards to the
detection limits of the different sterols. Under the conditions of Fig. 3.3(a), the detection
limit of ergosterol is ca. 600 ng, as reported previously.[74] As seen in Figure 3.3(a), the
concentrations of lanosterol and -sitosterol in the sample injected are close to their
detection limits.
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Table 3.3: Retention factor and selectivity data for sterol separation on Pathfinder
column with increasing flow rate and temperature.

85% methanol/
15% water
105°C
3.0 mL/min
k

90% methanol/
10% water
80°C
2.6 mL/min
k

90% methanol/
10% water
105°C
3.0 mL/min
k

lanosterol

1.44

--

0.89

--

1.61

--

cholesterol

1.66

1.15

0.98

1.10

1.77

1.10

stigmasterol

1.93

1.16

1.13

1.15

2.11

1.19

-sitosterol

1.98

1.03

1.28

1.13

2.48

1.18

ergosterol

3.37

1.70

2.35

1.84

4.69

2.00
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Figure 3.3: Separation of sterols on the Pathfinder column.
Conditions were (a) 75/25 methanol/water mobile phase, a flow rate of 3.5 mL/min, and a
temperature of 150°C and (b) 70/30 methanol/water mobile phase, a flow rate of 3.3
mL/min, and a temperature of 150°C. Injection amounts for lan, cho, sti, -sit, and erg
were 6.75 g, 157.5 g, 315 g, 114 g, and 3.75 g, respectively.
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Separation on the Zirconia Particle Column
The ZirChrom-CARB column contains zirconia particles that have been lightly
coated with a carbon layer. Although zirconia particles can typically withstand higher
temperatures and more aggressive pH and buffer concentrations than those of silica, the
carbon coating on the zirconia particles increases their upper temperature limit to 200°C.
Since the particles of the ZirChrom-CARB column are coated with a carbon layer that
makes their surface chemistry somewhat comparable to that of the carbon particles in the
HYPERCARB column, it was decided to use as the mobile phase the same mixture of
chloroform and methanol as in this earlier study.
Table 3.4 shows the retention and the separation factors measured for the sterols
on the ZirChrom-CARB column at 30°C and 110°C. Using pure chloroform gave poor
separations, but the addition of methanol improved the results except that ergosterol is
much more strongly retained than the other four sterols, which is also a characteristic of
the HYPERCARB column. The addition of methanol caused a reversal in the elution
order of cholesterol and -sitosterol, with -sitosterol being the first eluter in all the
analyses made with methanol on the ZirChrom-CARB column. When comparing the
data in Table 3.4 to those in Tables 3.1 and 3.2, we note that cholesterol, stigmasterol,
and -sitosterol elute in a different order, depending on the column used. The separation
factors of these three sterols are quite different while the other two sterols (lanosterol and
ergosterol) are well resolved from their neighbors in all cases.
Figure 3.4 shows the separation of the sterols at temperatures above 100°C on the
ZirChrom-CARB column.

It should be noted that operating the column at high

temperature hinders the separation of -sitosterol and cholesterol, but that these results
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Table 3.4: Retention factor and selectivity data for sterol separation on ZirChromCARB column.

sterol

100%
50% chloroform/
chloroform
50% methanol
2.0 mL/min 30°C 2.0 mL/min 30°C
k
k

50% chloroform/
50% methanol
3.0 mL/min 110°C
k

lanosterol

0.32

--

0.95

--

0.71

--

stigmasterol

0.81

2.53

1.32

1.39

1.16

1.63

cholesterol

0.98

1.21

2.58

1.95

1.67

1.44

-sitosterol

1.00

1.02

2.30

1.12

1.65

1.01

ergosterol

3.13

3.13

10.81

4.70

4.55

2.76
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Figure 3.4: Separation of sterols on the ZirChrom-CARB column.
Conditions were (a) 50/50 chloroform/methanol mobile phase, a flow rate of 3.0 mL/min,
and a temperature of 110°C and (b) 50/50 chloroform/methanol mobile phase, a flow rate
of 3.0 mL/min, and a temperature of 130°C. Injection amounts for lan, sti, -sit, cho, and
erg were 1.25 g, 183 g, 114 g, 157.5 g, and 3.75 g, respectively in (a) and 8.15 g,
600 g, 125 g, 200 g, and 6.95 g, respectively in (b).
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are nevertheless encouraging in that it appears that more methanol can be used in the
mobile phase to possibly enhance the separation, albeit always at the expense of an
increased retention time of ergosterol.
An interesting phenomenon was observed for the cholesterol peak eluted at high
temperature from the ZirChrom column (see Fig. 3.4). This peak is very different from
the one shown earlier with the Pathfinder column (see Fig. 3.3) but somewhat similar to
the one recorded with the HYPERCARB column (see Fig. 3.2). The extreme tailing (Fig.
3.4(b)) or the large hump (Fig. 3.4(a)) that characterize this peak suggest that
decomposition could be taking place, although sterols like cholesterol are sufficiently
stable at temperature above 200oC that they are eluted without any significant problems
from GC columns). The presence of a large impurity is ruled out, the same cholesterol
sample being used for all the chromatograms. So, it was decided to investigate whether
the entire elution peak is made of cholesterol. Because an operating LC/MS instrument
was not available to us, fractions were collected from the cholesterol peak using the same
conditions as for the chromatogram in Fig. 3.4(a). These fractions were injected into the
mass spectrometer. All the fractions led to the same mass spectrum, with fragments at
the same masses, yielding similar relative intensities for all the fragments. This indicates
that the entire elution peak is made of cholesterol.
A similar peak profile was observed on the HYPERCARB column at 70oC, using
pure chloroform as the eluent. The interactions of cholesterol with the HYPERCARB
and the ZirChrom-CARB columns are causes for future investigations. One possible
explanation for this cholesterol hump could be a default in the layer coverage.
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Determination of Sterols in Fruit Juices
The scientific literature reports many instances of the determination of sterols in
fruits and fruit juices,[83-85] yet to the extent of our knowledge the isolation and
identification of these sterols using liquid chromatography has not yet been published.
Figure 3.5 shows the chromatograms used for the qualitative determination of some of
the sterols in this work isolated from selected fruit juices. The extraction procedure was
not optimized, yet the stigmasterol and -sitosterol were easily seen in the pink grapefruit
and grapefruit juices (Fig. 3.5(b) and 3.5(c)), as expected.[79] Although pineapple juice
was tested, the quick and basic extraction step performed did not give a distinct
identification of any sterol. The sterols identified were eluted in less than one minute,
which shows a considerable improvement in the time necessary for the identification of
sterols in a natural product over previous results.[79, 84]
Conclusion
Performing the separation of free sterols at a high temperature reduces
considerably their analysis times and also improves the separation factors of certain pairs
of these sterols more difficult to separate. The graphitic carbon column studied provides
the best separation factors. However, the use of high temperatures was less beneficial in
improving analysis times than with the other two columns. The polymeric, reversed
phase column studied gives particularly advantageous results when operated at high
temperatures because the water concentration of the mobile phase can be increased,
which slightly improves its selectivity, a result which has not yet been observed in
reversed phase chromatography. The zirconia-based column coated with a thin layer of
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Figure 3.5: Separation of sterols isolated from fruit juices.
Conditions were the same as Fig. 3.4(a) for (a) orange, (b) grapefruit, and (c) pink
grapefruit juices.
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carbon gave good results except for the separation of cholesterol and -sitosterol. It
allowed the positive identification of the sterols extracted from fruit juices and their
quantitation in less than one minute.
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CHAPTER 4
EVALUATION OF A POLYAMIDE COLUMN FOR THE
SEPARATION OF DNP-AMINO ACIDS

Introduction
The analysis of amino acids by HPLC has been studied for many years, and it is a
proven fact that derivatizing an amino acid with a fluorescent label results in higher
extinction coefficients and improves the sensitivity allowing for detection at higher
wavelengths.[86] One such label that has found use in the derivatization of amino acids is
2,4-dinitrophenyl (DNP). Although this label is not as popular as more common labels
such as dansyl chloride (DNS), DNP is still effective when used in the derivatization of
amino acids. Although commercially available, the procedure to derivatize amino acids
with the DNP label is relatively easy, which makes it effective for the determination of
amino acids in natural products.[86]
In the early 1960s, initial separations of DNP-amino acids were achieved using
column chromatography.[87-89] The column was packed with polyamide, which was
sometimes referred to as nylon powder, and mobile phases were typically buffer systems.
Varied success was obtained with this technique, so a new approach was developed in the
form of thin layer chromatography with the layer being polyamide-based.[90] Ten solvent
systems were found to be effective using polyamide layer chromatography.
As the development of HPLC progressed, surprisingly there have only been three
literature reports of the separation of DNP-amino acids using the technique, with all three
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of those cases using a C18 column for the separation.[86, 91, 92] These reported instances do
not count the recent separation of the enantiomers of DNP-amino acids using chiral
phases, which is a different story in itself.[93] The availability of a polyamide-type
stationary phase led us to investigate the separation of DNP-amino acids using HPLC,
which makes us the first to our knowledge to attempt.
This work shows the first separations of DNP-amino acids on a polyamide
column using HPLC. A variety of mobile phases have been tested to see how the
separation is affected. In addition, the polyamide column is evaluated with regards to
efficiency and plate height for two mobile phases, and the effect of organic modifier is
also examined using DNP-valine as the analyte.

The effect of temperature is also

examined during the evaluation of the column. Finally, a discussion as to how effective
the polyamide column could be when incorporated into a two-dimensional HPLC
experiment is examined.
Theory
Influence of Organic Modifier on Retention
One model used to describe the nonpolar interactions between a solute and a
hydrophobic matrix is the solvophobic theory, which relates the isocratic retention factor
k to the overall difference between the Gibbs free energies of the solute dissolved in the
mobile phase and adsorbed on the stationary phase. This model is difficult to use, so
more empirical models have been developed to predict the dependence of retention
factors on the mobile phase composition. One of these models is the Linear Solvent
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Strength (LSS) model,[63,

94]

where k is expressed as a linear function of the volume

fraction of the organic modifier in the mobile phase ( ) as:[95]
ln k = ln k0 – S

(4.1)

where k0 is the retention factor extrapolated at =0 and S is a constant related to the
nature of the organic modifier and the structure of the solute and stationary phase. The
LSS model is adequate for binary mobile phases over a limited range of mobile phase
compositions, but it has been shown that a larger range of variation tends toward a
quadratic equation[39]
ln k = ln k0 – S1 + S2

2

(4.2)

to account for the experimental data.
Generation of van Deemter Curves
The effects of many variables on plate height in liquid chromatography have been
described in many different ways over the years. It can be said none of these equations
truly explain the complex physical interactions and effects that lead to zone broadening,
yet some equations are used considerably to express column performance in a manner
that can easily be understood. One of these equations is the van Deemter equation:
H = A + B/u + Cu

(4.3)

where H is the plate height (often referred to as height equivalent to a theoretical plate, or
HETP), A is the multiple flow path term, B is the longitudinal diffusion term, C is the
mass transfer term, and u is the mobile phase velocity, usually given in cm/sec. In this
work the terms A, B, and C will not be studied in depth, but van Deemter plots of plate
height versus velocity can tell us a great deal with regards to conditions for the separation
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as well as the optimum flow rate for the column. The mobile phase velocity can be
calculated from:
(4.4)

u = L / tM

where L is the length of the column (in cm) and tM is the time required for an unretained
species to pass through the column, commonly known as the dead time.
The calculation of plate height can be obtained from:
H=L/N

(4.5)

where N is the column efficiency with regards to the number of theoretical plates. There
are many ways to calculate N with regards to peak shape, but two have been chosen for
this work in order to find the minimum plate height. These two N calculations involve
the width of the peak at half-height and the calculations of the first and second moments
of the chromatographic peak.
Peak at Half-Height Method
The calculation of N using the determination of the width of the peak at halfheight (W1/2) is as follows:
N = 5.54 (tR / W1/2)2

(4.6)

where tR is the retention time of the analyte. The width is measured (in time) at the
points exactly halfway between the baseline of the peak and its apex. This calculation is
often used for a quick and somewhat reliable determination of efficiency.
Moment Analysis (MA) Method
Information on the thermodynamics of equilibrium between the mobile and the
stationary phases, and on the mass-transfer kinetics between the two phases in the
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column, are derived from the first absolute moment (µ 1) and the second central moment
(µ´2) of the bands, respectively. The first and second moments of a chromatographic
peak are simply related to N and H (HETP) as:
N = µ 12 / µ´2

(4.7)

H = L / N = Lµ´2 / µ 12

(4.8)

The calculation of the first and second moments can be determined by:
µ 1 = ( C(t)t dt) / ( C(t) dt)

(4.9)

µ´2 = ( C(t)(t - µ 1)2 dt) / ( C(t) dt)

(4.10)

where C(t) is the chromatographic band profile. The second moment calculation must
include a correction for the extra-column contributions by subtracting from the band
moments the moments obtained with a zero-volume connector.[96]
Experimental
Materials and Reagents
HPLC grade water, methanol, chloroform, acetonitrile, trifluoroacetic acid (TFA),
n-butanol, glacial acetic acid, isopropanol, and reagent grade potassium nitrate were
purchased from Fisher Scientific (Fair Lawn, NJ). The DNP-labeled amino acids of
alanine, arginine, glutamic acid, glutamine, isoleucine, leucine, methionine, proline,
tryptophan, and valine were all purchased from Sigma-Aldrich (St. Louis, MO).
HPLC Instrumentation and Column
All the experimental data were obtained using a HP 1090 Series II liquid
chromatograph (Agilent Technologies, Palo Alto, CA) equipped with a multi-solvent
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delivery system, an autosampler with a 250 µL sample loop, a diode-array UV detector,
and a computer data station. Compressed nitrogen (National Welders, Charlotte, NC) is
connected to the apparatus to allow for continuous operation of the pump and
autosampler. The desired column temperatures were obtained using the Metalox 200-C
column heater (Anoka, MN), which allowed for eluent preheating, a thermally
equilibrated column, and eluent cooling before reaching the UV detector.
The stationary phase used was 5 µm particles of a polyamide gel resin available
from Jordi FLP (Bellingham, MA). A 50x4.6 mm i.d. stainless steel column was packed
with the material in-house. At a pressure of 3000 psi, the slurry solvent and packing
solvent was isopropanol.
Separation Conditions
A variety of mobile phases was used for the separation of the DNP-amino acids
and will be described as necessary. For the HETP curves, three temperatures were
studied; these were 30°C, 60°C, and 80°C. Two mobile phase systems were studied:
50/50 0.1% TFA in water/0.1% TFA in acetonitrile and 98/1/0.5/0.5 chloroform/acetic
acid/methanol/butanol. A range examining 20 flow rates from 0.01 mL/min to 2 mL/min
were studied for both mobile phase systems at each temperature for DNP-valine.
Detection was performed at 350 nm for the amino acids and at 254 nm for the potassium
nitrate and chloroform injections performed to determine the column hold-up volumes for
the two mobile phase systems. The concentrations of the potassium nitrate and DNPvaline as well as all the DNP-amino acids for the evaluation of a mobile phase on
separation studies were on the order of 1 mg/mL. Injection volumes were 5 µL.
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Calculations of Efficiency
To obtain values of N, the peak widths at half-height, retention times, and
moments (first and second) of peaks were calculated using the built-in program of the HP
Chemstation software. The start and end points of the peaks were automatically selected
based on the detection of the signal slope threshold. As mentioned earlier, the second
moment was corrected for extra-column contributions. When calculating the moments of
the chloroform peak for the dead time, a negative peak is obtained. Since the HP
Chemstation software does not calculate moments of negative peaks, a program was
written in the FORTRAN language to accomplish these calculations.
Results and Discussion
Separation of DNP-Amino Acids
For the previous work regarding the separation of DNP-amino acids using
polyamide layer chromatography, a group of ten solvent systems were found to be
suitable for the separation.[90] This was used as a guide to try to find suitable mobile
phases for the separation. The mobile phases suggested though are not practical for an
HPLC separation; for instance, one solvent system tested with the polyamide layer was
50/50 glacial acetic acid/water. Modifications were made, and many attempts to separate
the DNP-amino acids were performed.
Figure 4.1 shows separations of the amino acids using a mobile phase that is quite
comparable to what has been studied on polyamide layers previously. Eight of the DNPamino acids were injected under these conditions. In Fig. 4.1(a), each of the four peaks
correspond to two amino acids. The peaks are valine and isoleucine, glutamic acid and
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Figure 4.1: Separation of DNP-amino acids with a flow rate of 0.3 mL/min and a mobile
phase of 1% glacial acetic acid in n-butanol.
Peak identifications found in the text at (a) 30°C and (b) 60°C.
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serine, proline and alanine, and methionine and tryptophan, respectively.

With a

temperature increase as in Fig. 4.1(b), three chief peaks are observed, yet the first two
have shoulders. The first peak is still valine and isoleucine, and the right shoulder is
glutamic acid. The left shoulder on the second peak is serine, with the chief second peak
consisting of proline and alanine. The last peak is methionine and tryptophan. Although
not completely resolved, this mobile phase appears to be somewhat satisfactory for a first
attempt.
Figure 4.2 shows some more separations with various mobile phases. In Fig.
4.2(a), a more “traditional” mobile phase gradient useful in reversed-phase liquid
chromatography is used to resolve all but alanine and proline, a problem seen above.
When switching to a chloroform-based mobile phase as in Fig. 4.2(b), the separation
occurs on a much faster time scale, not only because in this case of the faster flow rate,
but because of the mobile phase being overall more organic. The alanine (in this case, a
shoulder of the methionine peak) and proline are now separated albeit at the expense of a
loss of resolution of all the DNP-amino acids due to the decrease in retention time.
Effect of Organic Modifier on Retention
As mentioned earlier, the effect of organic modifier on retention is best expressed
as a quadratic function.[39] Figure 4.3 shows the effect of acetonitrile concentration on
the retention factors of DNP-valine at the 3 temperatures. As expected, the three curves
stack on top of each other according to temperature, since the higher temperature reduces
the elution time and thus the retention factor. Although difficult to see, the points are
best fit to a quadratic equation. The fit to a quadratic equation is better seen in Figure
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Figure 4.2: Separation of DNP-amino acids at 30°C.
Conditions were (a) gradient of 35-95% B over 60 minutes at 0.3 mL/min, with A: 0.1%
TFA in H2O and B: 0.1% TFA in acetonitrile and (b) 98/1/0.5/0.5 chloroform/glacial
acetic acid/methanol/butanol at 1.0 mL/min.
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Figure 4.3: Logartihmic retention factors for DNP-valine against the volume fraction of
acetonitrile in water-acetonitrile-0.1% TFA isocratic mobile phases.
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4.4. Although stated the quadratic is a better fit over a wide range, Figure 4.4 shows that
a range of only 5% butanol is needed to clearly see the best fit is quadratic.
van Deemter Curves
As described above, HETP curves were calculated using two different equations
to generate N and eventually H (or HETP). Figure 4.5 shows a comparison of the
calculation performed by the two different methods. Generally, the moment calculation
gives a more real idea as to what is going on, but the results of this column tend to give
better shapes when calculations are done with the peak widths at half-height. Figure 4.6
shows HETP curves at two different temperatures. The curves generated generally show
the optimum plate height is obtained at around 0.2-0.3 mL/min. The curves generated
from moment calculations are of poor quality; this can be attributed to bad peak shapes
generated at the very low flow rates, which in this study included 0.01, 0.02, 0.04, 0.06,
and 0.08 mL/min. A variety of reasons exist for this, one of them being fluctuations in
the pump at the extremely low flow rates. Although this drawback of using moments is
discouraging, it has been discussed as a possibility previously.[97]
Application Towards Two-Dimensional Chromatography
The emergence of two-dimensional liquid chromatography in the past few years
has led to the evaluation of many different columns and mobile phases in hopes of
finding the right fit to perform a separation.[98] Typically in this technique, two columns
are used which are different with regards to retention mechanism (e.g. reversed-phase and
ion exchange), each with their own unique mobile phase, in which a very slow separation
is performed on the first column. Subsequently, eluent from the exit of the first column is
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injected onto the second column in which the separation should be performed on a very
short time frame on the order of 20-30 seconds or less.
Recently, the literature reports the use of the same type of column in both
dimensions with different mobile phases.[99] The effectiveness of the two mobile phase
systems for the separation was determined using a plot of their respective retention
factors; deviations from linearity tend to suggest the two mobile phases would be a good
fit for a two-dimensional system with two of the same columns. Figure 4.7 shows two
mobile phase systems that could possibly work if the polyamide column was used in two
dimensions, while Figure 4.8 shows mobile phase systems which would not be suggested.
Conclusion
This work presents the first ever use of a polyamide column in HPLC for the
separation of DNP-labeled amino acids. Mobile phase systems had to be found which
would allow for a decent separation, the basis of which came from previous work on
polyamide layers. A very small change in butanol in the mobile phase has been shown to
cause changes in retention that are best explained quadratically. The calculation of HETP
has been shown to be more reliable using peak widths at half-height, and the polyamide
column shows promise as a stationary phase in one or both columns when using twodimensional liquid chromatography.
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Figure 4.7: Plot of the retention factors of selected DNP-amino acids using 50/50
0.1%TFA in water/0.1% TFA in acetonitrile and 1% glacial acetic acid in n-butanol,
respectively.
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Figure 4.8: Plot of the retention factors of selected DNP-amino acids using 1% glacial
acetic acid in n-butanol and 98/1/0.5/0.5 chloroform/glacial acetic acid/methanol/nbutanol, respectively.
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CHAPTER 5
A COMPARATIVE STUDY OF THE ENANTIOMERIC
SEPARATION OF LABELED AMINO ACIDS WITH
CYCLODEXTRINS AND MIXED MICELLES IN CAPILLARY
ELECTROPHORESIS

Introduction
Separations of chiral molecules, including amino acids, have been a challenging
task.

Several reviews of analytical techniques, which have been used for the

enantiomeric separation of compounds with various levels of success, have been
published.[100-107] The goals of this project are to compare the effect of the label’s
interaction with the buffer modifiers and develop a method for the enantiomeric
separation of amino acids within a reasonable analysis time. Capillary electrophoresis
(CE) was chosen because of the technique’s high efficiency, selectivity, and ability to
accommodate a wide analyte variety. Although capillary zone electrophoresis (CZE) can
separate charged solutes, CE’s ability to separate solutes can be enhanced with the
modification of the running buffer by the addition of reagents that can affect the
migration rates of the compounds being analyzed. Two common additives are surfactants
and cyclodextrins (CDs).
Micellar electrokinetic chromatography (MEKC) was developed by Terabe to
separate neutral molecules using surfactants as a run buffer additive.[33] The use of bile
salts as a surfactant in MEKC can be traced back to Terabe’s group in 1989, where they
separated dansylated (DNS) amino acids with sodium taurodeoxycholate (STDC) with
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low resolution and very long run times.[108] Discussion over the formation of STDC
micelles has been debated recently. STDC can either form a trimer[109-111] or a dimer,[112,
113]

depending on the mathematical model used. However, as the concentration of STDC

or ionic strength increases, the aggregation of the trimers/dimers into a cylindrical
micelle occurs.[110] All of the proposed STDC structures indicate that the polar head
groups are located near the center of the structure. This means that the chiral portion of
the surfactant is also near the interior of the micelle. For the cylindrical micelle, the
chiral portion of the surfactant may be inaccessible to the chiral solutes. However, the
structure of the trimer is fairly open in dilute solutions, thus accessible to any chiral
solute.[110]
To increase efficiency and decrease analysis times, adding another surfactant or
additive to the chiral selector was tried.

Lu and Chen separated fluorescein-5-

isothiocyanate (FITC) labeled amino acids using a mixture of sodium taurocholate and βcyclodextrins. They were able to obtain very good resolution between each enantiomer,
but the analysis times were on the order of fifty minutes.[114] Examples of other mixtures
include short chain surfactants with bile salts to separate corticosteroids[115] as well as the
separation of chiral polychlorinated biphenyls,[116] all with reduced analysis times. To
improve the resolution in the separation of the amino acids enantiomers using MEKC, a
mixed surfactant system containing sodium taurodeoxycholate and sodium dodecylsulfate
was reviewed. To characterize the effectiveness of the labels using this buffer additive,
we compared the results to the separation of amino acids using the CD phases.
CDs were first reported to be used for the enhancement of separations by Terabe
and co-workers in 1985.[32] Many studies since then have been performed showing the
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benefits of CDs and their derivatives in achieving separations of a variety of analytes.[117122]

CDs are macrocyclic oligosaccharides composed of a number of D(+)-glucose units

connected by

-(1,4)-linkages.

connected together;

CD,

CDs are named according to the number of units

CD, and

CD have 6, 7, and 8 units respectively. They are

torus-shaped with all the glucose units in a largely undistorted chair conformation. The
inside cavity of the CD is relatively hydrophobic; this allows for many different types of
compounds to be included and fit into the cavity. The inclusion complex formation
between compound and CD is influenced by the physical and chemical properties of both.
Slight differences in binding constants between the compounds and the CD will aid in the
separation. In enantiomeric separations, the difference in the binding constants of two
enantiomers with the CD will be very small, but an appropriate CD composition can
hopefully be found to give slight changes in binding constants that will allow for
resolution of the enantiomers.
For the cyclodextrin additives, 10 mM

and 10 mM

CDs were chosen as they

represent conventional concentrations used in CE. Two composite CD running buffers, 6
mM /1 mM

and 7.5 mM /19 mM , were also used based on prior work.[123] These

two compositions were shown to enhance the enantiomeric separation of some of the
amino acids studied in this work with the DNS label. It was decided to see how well
these CD combinations worked with different labels as well as changes in pH using the
amino acids selected for this study. Previous work has shown how effective dual CD
systems can be in achieving enantiomeric separations.[124-126] Systems that incorporate
more than one type of CD do not necessarily have to have CDs that are similar charge.
For instance, systems using a neutral and a charged CD have been shown to be ideal for
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some chiral separations,[127, 128] but in our study we used two basic neutral CDs as our
dual CD system.
Since native amino acids are difficult to optically detect, a label was added to the
amino acid to enhance its detection. The chosen labels are fluorescent, but they can also
be used in absorption spectroscopy. To assess the effect of the label, we compared three
labels: 4-Chloro-7-nitro-1,2,3-benzoxadiazole (NBD), DNS, and FITC. DNS is a slightly
polar label, while NBD is more polar than DNS, and bound FITC is negatively
charged.[129] The labeled amino acids are easy to purchase or synthesize and easily
detectable at the wavelength of excitation using a UV/Vis detector. DNS-labeled amino
acids are available commercially and have been extensively used in our research
group.[123, 130-132] NBD-labeled amino acids can be obtained in a short reaction time, and
its long wavelength of fluorescence results in the elimination of competing fluorescent
interferences inherent to the analytes in question.[133] FITC-labeled amino acids are
commonly used in order to achieve extremely low limits of detection, down to the
subattomole range.[134] Since bound FITC is negatively charged, its applicability in CE
techniques will also be assessed.
To assess the effect of the run buffer pH on the separation of the enantiomers, two
buffers of similar ionic strength (20 mM phosphate buffer at pH 7 and 50 mM borate
buffer at pH 9.5) will be used. With the labeled amino acids, the charge of each solute is
negative in both buffers. Changing the composition of the additives, altering a detectable
label, and/or changing the composition of the run buffer can be employed to achieve an
enhancement in resolution. The goal of this study is to create a methodology in which all
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of these variables are adjusted in order to deduce their effects on a particular
enantiomeric separation.
Experimental
Reagents and Solutions
The following chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
and were used without further purification:

the D and L forms of aspartic acid,

phenylalanine, valine, serine; the rac- and L forms of DNS-phenylalanine, DNS-aspartic
acid, DNS-valine, DNS-serine; Sudan 3, FITC, NBD, -Cyclodextrin hydrate, STDC,
and SDS.

-Cyclodextrin was purchased from Cyclodextrin Technologies Development

(High Springs, FL). Methanol, sodium chloride, sodium hydroxide, acetone, and water
were purchased from Fisher Scientific (Pittsburgh, PA) and were used without further
purification. We used an Agilent (Palo Alto, CA) HP 3 D CE capillary electrophoresis
system with a diode array detector. The column was a 50 m id, 50 cm long fused silica
column from Polymicro Technologies (Phoenix, AZ) with the detection window burned
8.5 cm away from the outlet end of the column. The column was rinsed with 1 M NaOH
solution followed by the run buffer at the start of each analytical sequence.

The

temperature of the column was kept constant at 30.0 °C. The detector was programmed
to monitor five wavelengths: 205 nm for methanol (EOF), 254 nm for aromatic groups,
350 nm for DNS-amino acids, 475 nm for NBD-amino acids, and 488 nm for FITCamino acids. The solutes were chosen as representatives of different classes of amino
acids – aromatic, acidic, and aliphatic.
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Synthesis of the Derivatized Amino Acids
The synthesis of the NBD derivatized amino acids was adapted from the protocol
published by Murray and Sepaniak.[135] 500 L of a 20 mM solution of the amino acid
dissolved in running buffer 20mM phosphate at pH 7 and 500 L of a 20 mM methanolic
solution of NBD were added to a vial. The mixture was heated at 70 °C for 1 hour then
cooled. 125

L of a 1 M solution of ferric chloride was added to the mixture to

precipitate the phosphate.

Methanol was added to the vial to create 2 mL of the

derivatized standard. The synthesis of the NBD labeled amino acids in the borate buffer
followed the above procedure with the omission of the addition of ferric chloride.
The synthesis of the FITC derivatized amino acids was adapted from the protocol
published by Takizawa and Nakamura.[136] 200 L of 20 mM FITC solution in acetone
and 400 L of 20 mM amino acid, dissolved in running buffer, were mixed in a vial and
heated at 50 °C for 4 hours.
For the analysis of the dansylated amino acids, a 1 mM solution of each racemic
(rac-) mixture was created in each running buffer.

For all analyses involving the

determination of D and L forms, the ratio of D to L was set at 1:2.
Preparation of Run Buffer Additives
For this study, a series of run buffer additives were produced. For the MEKC
experiments, the buffer was either a 20 mM phosphate solution at pH 7.0 or a 50 mM
borate solution at pH 9.5. The CD phases consisted of 10 mM β CD, 6 mM β/1 mM γ
CD, 7.5 mM β/19 mM γ CD, and 10 mM γ CD. The mixed surfactant phases consisted of
60 mM SDS (100% SDS), 60 mM STDC (0% SDS), 20 mM SDS/40 mM STDC (33%
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SDS), 40 mM SDS/20 mM SDTC (66% SDS), and 30 mM SDS/30 mM STDC (50%
SDS). In addition, a series of CZE experiments were conducted using the borate and
phosphate buffer as the run buffer. 60 mM NaCl solution in each buffer was utilized to
determine the intrinsic electrophoretic mobilities of the solutes.
Results and Discussion
General Resolution Considerations
In achiral or chiral separations by CE methods, several factors determine the
achieved resolution. Efficiency determines the sharpness of the bands and the ease with
which a pair of closely migrating solutes can be separated. CE analyses are known to
provide very high efficiencies, but without a high enough selectivity, an enantiomeric
separation with good resolution will not occur. Efficiency is critical in chiral separations
but is not considered a factor we alter within the context of the current study. Selectivity
is the difference in net mobilities for two solutes and inherently difficult to maximize for
chiral separations because enantiomers are so similar in properties. Finally, with the
inclusion of additives in the run buffer, an elution window is created that is bound by the
effective migration time (or mobility) of the free solute and the migration time when it
fully associates with the additive (see Chapter 1). The effect of the magnitude of the
elution window on the separation can be dramatic. In this work we have negatively
charged enantiomers that have migration times in free form that are greater than t0 (i.e.,
they migrate in opposition to EOF). Association with neutral CD additives will reduce
migration times within the elution window. As the magnitude of the association constant
or the concentration of the CD is increased, the solute converges on t0 but will not reach it
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as the solute-CD complex is still charged, albeit possessing a very small charge-to-mass
ratio. The situation is more complex with our MEKC work since both the solutes and the
surfactant additives are negatively charged. The effect of solute association with the
micellar phase is to either decrease or increase migration time depending if the net
mobility of the micelles are smaller or greater than that of the free solute.
We report herein the influence of experimental parameters such as running buffer
pH, solute label type, and buffer additives on the resolution of the test labeled amino acid
enantiomers. To our knowledge, this work represents a unique perspective which helps
explain the effects of adjusting these parameters simultaneously and their impact on
changes in resolution of the enantiomers. The results are presented as observations and
in some cases the expected effects on the aforementioned resolution factors, selectivity
and elution window are discussed.
Synthetic Considerations in pH 7 Buffer
For the synthesis of the NBD-derivatized solutes in the phosphate buffer, several
byproducts were also noticed in the electropherograms. These byproducts do not occur
or are not separated in the borate buffer. If a small amount of ferric chloride is added to
the sample after heating, the phosphate is precipitated out, and the formation of the
byproducts is limited.
The free FITC contains an ester, ether, and two alcohol functional groups. When
FITC is bound to a solute of interest, it becomes charged.

According to the work by

Robeson and Tilton, the bound FITC has a pKa of 6.2,[129] lower than the pH of both
running buffers employed in our studies. Thus the FITC labeled amino acids add an extra
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negative charge to the solute, increasing the migration time of the solute and reducing the
elution window in MEKC. This increase in negative charge may also interfere with the
interaction of the solutes with the surfactants. Also, the derivatization reaction in the
phosphate buffer produces many byproducts that render the identification of the racemic
amino acids in the surfactant mixtures difficult. The phosphate anion is assumed to
interact with the FITC and the NBD label to form various byproducts, which can interfere
with the qualification of the solutes. Therefore, the FITC data at pH 7.0 was excluded due
to the difficulty in qualifying each enantiomer.
pH Effects on Separation of Amino Acids Using Cyclodextrins
The effects of pH on the separations were studied with equivalent ionic strength
buffer solutions at pH 7.0 and 9.5. Table 5.1 shows the resolution data obtained for the
enantiomers that were separated. The separation with FITC-labeled amino acids at pH 7.0
was not feasible, but good separations were obtained at pH 9.5. Figure 5.1 shows the
separations of FITC-Asp at pH 9.5. For the DNS label, a change in pH did not have an
effect on the separation. Regardless of the pH, rac-DNS-Phe and rac-DNS-Ser were not
separated, but rac-DNS-Asp and rac-DNS-Val were separated with rac-DNS-Asp being
separated in all 4 CD compositions at both the high and low pH. All four NBD-labeled
amino acids were separated at pH 9.5. In contrast, only rac-NBD-Phe and rac-NBD-Val
showed enantiomeric separation at pH 7.0. Figure 5.2 shows the effect of pH on the
separation of rac-NBD-Asp and rac-NBD-Phe with 10 mM

CD. The increase in

selectivity can be explained by the increase in the intrinsic electrophoretic mobility for
NBD-labeled amino acids at pH 9.5 when compared to pH 7.0 as shown in Table 5.2.
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Table 5.1: Average resolution of separated enantiomers in dual surfactant mixtures and
cyclodextrins.

Type
Cyclodextrin
pH 7

Cyclodextrin
pH 9.5

Surfactant
pH 9.5

Amino Acid

System

DNS-Asp
DNS-Val

10
1.056
0.469

NBD-Phe
NBD-Val

NA
NA

0.465
0.686

NA
0.469

NA
NA

DNS-Asp
DNS-Val

1.355
NA

1.172
0.453

0.951
0.712

0.482
NA

NBD-Asp
NBD-Phe
NBD-Ser
NBD-Val

0.541
0.217
0.332
0.426

NA
0.364
0.247
0.334

0.223
NA
0.480
0.266

0.209
NA
NA
NA

FITC-Asp
FITC-Phe
FITC-Ser
FITC-Val

1.347
0.736
0.813
NA

2.955
1.225
1.260
0.319

NA
0.839
0.589
NA

2.337
NA
0.843
NA

DNS-Phe
DNS-Asp

50% SDS/
50%
STDC
0.516
NA

33% SDS/
67%
STDC
0.866
0.588

0% SDS/
100%
STDC
0.652
NA
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0.728
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0.574
0.442
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Figure 5.1: Separation of the enantiomers of FITC-Asp at pH 9.5.
Injections were of the ratio of 2:1 L:D using (a) 10 mM
CD.
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CD and (b) 6 mM /1 mM
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Figure 5.2: Separation of enantiomers using 10 mM

CD.

Injections were of the ratio 2:1 L:D of NBD-Asp at (a) pH 7.0 and (b) pH 9.5 and NBDPhe at (c) pH 7.0 and (d) pH 9.5.
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Table 5.2: Electrophoretic mobility of NBD-labeled amino acids.

Amino Acid

pH 7

pH 9.5

Asp

-0.0200

-0.0236

Phe

-0.0114

-0.0148

Ser

-0.0138

-0.0174

Val

-0.0126

-0.0143
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The pH increase resulted in a difference in mobility between the free and complexed
enantiomer, which allowed for a better enantiomeric separation.
Effect of Different Cyclodextrin Phases on the Enantiomeric Separation
As mentioned earlier, four CD compositions were studied in this work. A single
CD composition that enantiomerically separates every amino acid in this study with the
highest resolution does not exist. The optimal CD composition to use for a separation is
dependent on the label and pH. Figure 5.3 shows rac-DNS-Asp at pH 9.5 at all four CD
compositions. It is apparent that 10 mM

CD results in the best resolution (Table 5.1),

but with rac-DNS-Val at pH 9.5, the 7.5 mM /19 mM CD achieves the best resolution.
When lowering the pH to 7.0 for rac-DNS-Val, the 6 mM /1 mM

CD gives the best

resolution out of the four CD compositions. Figure 5.4 shows rac-NBD-Val at pH 7.0 at
all four CD compositions; the two mixed CD compositions show resolution while the two
individual CD compositions do not. The four FITC-labeled amino acids were all able to
be separated at pH 9.5; for each amino acid, at least two of the four CD concentrations
were useful in obtaining an enantiomeric separation (Table 5.1). It appears that the
selectivity of a system can be maximized for a given enantiomeric pair with the correct
CD composition, but it does not necessarily have to be the same for all test analytes.
Effect of Different Labels on Enantiomeric Separations Using Cyclodextrins
The most noticeable effect of label on the separations in this work is shown in
Figure 5.5. Regardless of the pH, amino acid, or CD concentration in our work, the Denantiomer migrated first for DNS- and FITC-labeled amino acids, but the L-enantiomer
migrated first for NBD-labeled amino acids. This could be due to the label’s effect on
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Figure 5.3: Separation of the enantiomers of DNS-Asp at pH 9.5.
Cyclodextrin compositions used were (a) 10 mM CD, (b) 10 mM CD, (c) 6 mM /1
mM CD, and (d) 7.5 mM /19 mM CD. Injections were of the ratio 1:1 L:D for (a)
and (c) and 2:1 L:D for (b) and (d).
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Figure 5.4: Separation of the enantiomers of NBD-Val at pH 7.0.
Injections were of the ratio 2:1 L:D using (a) 10 mM
/1 mM CD, and (d) 7.5 mM /19 mM CD.
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Figure 5.5: Effect of the label on migration.
Injections were of the ratio of 2:1 L:D using (a) DNS-Asp at pH 7.0 with 10 mM CD,
(b) NBD-Ser at pH 9.5 with 7.5 mM /19.5 mM CD, and (c) FITC-Phe at pH 9.5 with 6
mM /1 mM CD.
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mobility of the labeled amino acid/CD complex. For the NBD label, the complex with
the L-enantiomer appears to have a slightly faster mobility, thus resulting in a faster
migration.
When performing separations at pH 9.5 with rac-DNS-Ser, no enantiomeric
separation is observed. However, when looking at the 10 mM

CD at pH 9.5 for serine

(Figure 5.6), the label appears to affect the resolution of the enantiomers. The NBD (Fig.
5.6(b)) and FITC (Fig. 5.6(c)) label give an enantiomeric separation of serine, while the
DNS label (Fig. 5.6(a)) does not give an enantiomeric separation. Similar characteristics
can be seen for phenylalanine at pH 7 with the 6 mM /1 mM

CD concentration and

valine at pH 9.5 with the 7.5 mM /19 mM CD concentration (see Table 5.1).
Effect of Surfactant Composition on Micelle Marker
The use of Sudan 3 as a micelle marker was first introduced by Terabe.[33] Other
markers have been used and several comparative studies have been conducted.[137-139]
Although several studies have suggested that dodecanophenone is the best micelle
marker, it is dependent on the composition of the surfactant solution.[138] However,
dodecanophenone has been known to precipitate when exposed to a borate buffer.
Therefore, Sudan 3 was chosen to be the micelle marker.

Although use of an

inappropriate micelle marker can lead to errors and variability in the calculation of the
retention factors,[137] the purpose of the micelle marker in this study was to obtain an
estimate of the electrophoretic mobility of the micelles.
To assess the effect of surfactants as a run buffer additive, a comparison between
sodium dodecylsulfate (SDS), STDC, and mixtures of the two surfactants was completed.
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Figure 5.6: Separation of the enantiomers of serine at pH 9.5 with 10 mM

CD.

Injections were of the ratio 2:1 L:D using the (a) DNS, (b) NBD, and (c) FITC labels.
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Work by Haque and co-workers have shown a decrease in the critical micellar
concentration (CMC) of STDC with the addition of SDS, indicating the possible
formation of the mixed micelle.[140]

The effect of SDS in the STDC solution is

hypothesized to reduce the number of STDC micelles, increase the number of the trimer,
or if a mixed micelle is formed, increase the size of the trimer-based mixed micelles. If
mixed micelles contain more than three STDC molecules, the question is will the chiral
portion of the molecule be available for interaction with the solute. If a mixed micelle is
present, an increase in the charge-to-mass ratio is expected, thus increasing the migration
time of the micelle and the micelle marker. There will be a point where the SDS micelle
will form and the STDC will incorporate into the SDS micelle. After this point, the
magnitude of the electrophoretic mobility of the micelle marker will become constant
until the surfactant composition reaches 100% SDS.
Figure 5.7 contains plots of the electrophoretic mobility of Sudan 3 versus the
percent of STDC in the surfactant solution in the borate and phosphate respectively. As
the percent of STDC decreases from 100%, we see a significant change in the
electrophoretic mobility of Sudan 3. Excluding the error bars associated with each data
point, there seems to be a minimum around 50% SDS/STDC. However, the error bars
indicate that the electrophoretic mobility of Sudan III is constant to approximately 33%
SDS/67% STDC.
Effect of Charge on Solute-Surfactant Interactions and Retention Factors
At first glance, all solutes have retention in the surfactant systems. However, for
a charged species, the mobility of the charged ion must be taken into account. Khaledi
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Figure 5.7: Electrophoretic mobility plots of Sudan 3 as function of STDC
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and co-workers published papers regarding the correction of capacity factors of weak
acids and bases in MEKC.[141, 142] In MEKC, the observed migration of a charged solute
is due to a weighted average of the electrophoretic mobility of the solute and the mobility
of the micelles. There are two published methods to determine the electrophoretic
mobility of the solute – one by Khaledi’s group which analyzed the acidic and basic
solutes using an unmodified buffer solution,[141, 142] and another by Bailey and Dorsey,
who used a sodium chloride modified buffer solution as an attempt to reproduce the ionic
strength of the micellar solution.[143]

Both use the same equation to calculate the

corrected retention factor (k c). The corrected retention factor can be determined by
adjusting the observed electrophoretic mobility by subtracting the mobility of the charged
solute, which is determined by a CZE experiment:
k c = (µ - µ 0) / (µ mc - µ)

(5.1)

where µ is the electrophoretic mobility of the solute in MEKC, µmc is the electrophoretic
mobility of the micelle marker, and µo is the electrophoretic mobility of the solute in
CZE.
Table 5.3 describes the electrophoretic mobility of three labeled amino acids at
pH 9.5, in each surfactant mixture, buffer without modifiers, and buffer containing
sodium chloride. NBD-Val results are typical for this experiment, while the DNS-Phe
and DNS-Asp are the two exceptions. The solutes analyzed in the sodium chloride
modified buffers exhibited higher electrophoretic mobilities compared to mobilities in the
unmodified buffers.

This difference will manifest with calculation of the corrected

retention factors, described in Table 5.4.

Negative retention factors are due to the

electrophoretic mobility of the solute in CZE being higher in magnitude than the solute in
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Table 5.3: Average electrophoretic mobilities of selected solutes in various surfactant
mixtures.

Amino 100% 67%
Acid
SDS SDS
racDNS-Phe
D-DNSPhe
racDNS-Asp
L-DNSAsp
racNBD-Val

-0.0204

-0.0196

-0.0187

-0.0196

50%
SDS

33%
SDS

0%
SDS

-0.0181

-0.0179

-0.0166

-0.0181

-0.0181

-0.0167

-0.0196

-0.0193

60 mM
Buffer NaCl
-0.0108

-0.012

-0.0182

-0.0196

-0.0224

-0.0149

-0.0143

-0.0175

-0.0194
-0.0147

-0.0147

-0.0151

-0.0153
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Table 5.4: Average uncorrected and corrected retention factors of selected solutes in
various surfactant mixtures.

Calculation
Uncorrected

Corrected
for Charge

Corrected
for Charge
and Ionic
Strength

Amino
Acid
rac-DNSPhe
D-DNSPhe
rac-DNSAsp
L-DNSAsp
rac-NBDVal
rac-DNSPhe
D-DNSPhe
rac-DNSAsp
L-DNSAsp
rac-NBDVal
rac-DNSPhe
D-DNSPhe
rac-DNSAsp
L-DNSAsp
rac-NBDVal

100%
SDS

67%
SDS

50%
SDS

33%
SDS

0%
SDS

4.36

2.58

2.29

2.51

3.50

2.31

2.56

3.57

3.09

3.33

5.74

3.58

3.14

3.43
1.42

1.32

1.38

1.56

2.31

2.04

1.08

0.92

1.00

1.22

0.93

1.03

1.26

0.001

-0.06

-0.45

-0.01

0.004

-0.03
0.04

0.04

0.07

0.10

0.09

1.80

0.93

0.77

0.84

0.98

0.79

0.87

1.01

-0.44

-0.54

-1.33

-0.52

-0.44

-0.53
-0.27
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-0.25

-0.26

-0.22

-0.40

the surfactant solution. NBD-Val corrected values are all less than one, indicating that
this solute had limited interaction with the surfactant mixture. The DNS-Phe corrected
values were a little above or close to one, indicating that the solute-surfactant interaction
was enough to result in an enantiomeric separation.
Both uncorrected and corrected retention factors tend to decrease as the amount of
co-surfactant increases with a minimum around 33% SDS, indicating a reduction in
solute-surfactant interactions. This seems to be counterintuitive, especially in light of the
enantiomeric separation in dual surfactant solutions. This phenomenon can be explained
by assuming that the majority of the retention of the solute in pure STDC was due to the
presence of the cylindrical micelle, which is not enantiomerically selective. In the mixed
surfactant solutions, the solutes are interacting specifically with the trimer or the mixed
micelle, hence increasing the specificity of the separation. From this data, the solutes
were assumed to have a lower affinity to the mixed micelle when compared to the affinity
for the cylindrical micelle.
Separation of Enantiomers Using Mixed Surfactants
In this work, rac-DNS-Phe was separated in three surfactant mixtures (50% SDS,
33% SDS, and 0% SDS) and rac-DNS-Asp in one surfactant mixture (33% SDS), all
under 10 minutes. Table 5.1 shows the average resolution of each additive composition
and indicates that the 33% SDS surfactant mixture is optimal in separating the two
enantiomers. The partial separation of the rac-DNS-Phe in 0% SDS can be explained by
the presence of both trimer and cylindrical micelle being present in solution and racDNS-Phe having a higher interaction with the trimer. Figure 5.8 shows the separation of
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Figure 5.8: Separation of DNS-Phe in 33% SDS surfactant mixture at pH 9.5.
Injection was of the ratio 1:1 L:D.
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the rac-DNS-Phe in the 33% SDS surfactant mixture. The L-enantiomer for DNS-Phe
was determined to migrate first. However, Figure 5.9 shows that separation of the racDNS-Asp, and the L-enantiomer of DNS-Asp was determined to migrate last. This
change in the elution order can be explained.

The electrophoretic mobility of the

uncomplexed rac-DNS-Asp was greater in magnitude than the micelle marker; hence the
negative corrected retention factors. Thus, as the solute interacts with the micelle, it
actually speeds up with respect to the detector. The broadening of the D-DNS-Asp was
also observed for the D-NBD-Asp (Fig. 5.2(b)). However, the observed band broadening
cannot be explained at this time.
Work performed by Amini et al. has shown a concentration dependence of the
chiral surfactant on the resolution between two enantiomers with an optimal
concentration of the surfactant for maximum resolution.[144] This work was successfully
duplicated by analyzing the rac-DNS-Phe in various concentrations of STDC as shown in
Figure 5.10.

Comparing Figure 5.8 with Figure 5.10, the results indicate that the

separation of the rac-DNS-Phe improves with the introduction of SDS. This is a clear
indication that the presence of the cylindrical micelle actually compromises the
enantiomeric separations.
Comparison of Dual Surfactant System with Cyclodextrins
In a comparison with the effectiveness of the dual surfactant system to the CD,
the CDs have a distinct advantage as an additive for the enhancement of chiral
separations. The CDs were able to separate all four amino acids depending on the label,
pH, and type of CD(s). More enantiomers were separated with comparable or higher
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Figure 5.9: Separation of DNS-Asp in 33% SDS surfactant mixture at pH 9.5.
Injection was of the ratio 2:1 L:D.
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Figure 5.10: Comparison of the migration and separation of DNS-Phe in various
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resolution in the CD systems studied, yet the dual surfactant system exhibits a similar
quality of separation when enantiomeric separation is achieved.
Conclusion
We were able to separate the DNS-labeled phenylalanine and aspartic acid using a
mixed surfactant as a run buffer additive. Possible limitations for separation of the
enantiomers include the fact that there is little interaction of the solute with the
surfactants, the negative charge of the solute is limiting the separation window of the
system, and the amount of the chiral phase available for partitioning is limited. There is
enough evidence present in our work to demonstrate that using a different chiral selector
and/or co-surfactant could improve the number and quality of the separation of the
enantiomers. The separations using CDs as a stationary phase showed that the label
affected migration order of the enantiomers and the CDs were very effective in separating
numerous enantiomers.
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